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INVESTIGATIONS OF  HIGH-POWER  PROBLEMS I N  
SPACE-SHUTTLE  ANTENNA  DESIGNS 
* t 
By W. C. T a y l o r  and N. J. Alva res  
S t a n f o r d  R e s e a r c h  I n s t i t u t e  
I INTRODUCTION 
T h i s  i s  t h e  F i n a l  R e p o r t  of a 10-month s t u d y  of p rob lems  an t i c i -  
p a t e d  i n  s p a c e - s h u t t l e  a n t e n n a  d e s i g n s ,  w i t h  s p e c i a l  e m p h a s i s  on  use  
of h i g h  RF power levels and upon communicat ions during the reentry 
p h a s e  o f  t h e  s h u t t l e  o r b i t e r .  B e c a u s e  o f  t h e  s h u t t l e ' s  u n i q u e  r e e n t r y  
and  economic  cons t r a in t s ,  t h i s  p rog ram a rose  out  of   concern  for some 
of the   p rob lems   expec ted   a t   t he   i n t e r f ace"   o f   t he   communica t ions   and  
g u i d a n c e  s y s t e m s  w i t h  t h e  t h e r m a l  p r o t e c t i o n  s y s t e m .  
I t  
This  program was p e r f o r m e d  l a r g e l y  i n  t h e  E l e c t r o m a g n e t i c  S c i e n c e s  
L a b o r a t o r y ,  b u t  w i t h  c o n s i d e r a b l e  p a r t i c i p a t i o n  i n  t h e  a r e a  o f  h e a t i n g  
and  temperature  measurement by pe r sonne l  f rom the  F i r e  Resea rch  Group  
of t h e  M a t e r i a l s  L a b o r a t o r y .  
T h i s   r e p o r t  i s  d i v i d e d   i n t o   f o u r   m a j o r   s e c t i o n s .   F o l l o w i n g   t h i s  
I n t r o d u c t i o n ,  S e c t i o n  I1 g ives   the   background  and   reasoning  for t h e  t y p e  
of e f f o r t  t h a t  was unde r t aken .   Sec t ion  I11 g i v e s  a summary of i n f o r -  
mat ion ,   deve loped   and/or   assembled   dur ing   the   p rogram,   per ta in ing  t o  
space - shu t t l e  h igh -power  an tenna  cons ide ra t ions ,  i nc lud ing  gu ide l ines  
f o r  d e s i g n  i n  o r d e r  t o  a v o i d  RF breakdown i n  g a s e s  e x p o s e d  t o  high-  
power RF f i e l d s .  S e c t i o n  I V  i s  a r e p o r t  of t h e  resu l t s  o f   t h e   l a b o r a t o r y  
program, i n c l u d i n g  a d e s c r i p t i o n ' o f  t h e  t e c h n i q u e s  d e v e l o p e d  a n d  t h e  
d a t a  g a t h e r e d .  
* 
S e n i o r  R e s e a r c h  E n g i n e e r ,  S t a n f o r d  R e s e a r c h  I n s t i t u t e ,  Menlo Pa rk ,  
C a l i f o r n i a .  
t 
Mechan ica l  Eng inee r ,  S t an fo rd  Resea rch  Ins t i t u t e ,  Men lo  Pa rk ,  Ca l i fo rn ia .  
The Appendix was contr ibuted  by Nat iona l  Aeronaut i c s  and  Space 
Adminis trat ion's  Langley  Research Center to  demonstrate the antenna 
pat tern  changes  that  can  occur with  nominal  var iat ion of t h e  d i e l e c t r i c  
c o n s t a n t  of s a m p l e  d i e l e c t r i c s .  
The authors   wish  to acknowledge  the  as s i s tance  of J .  B .  Chown, 
G .  W .  Wagner, R .  G .  McKee, and D. L .  C larke ,   in   per forming  most of 
the measurements. 
2 
I I BACKGROUND 
T h e  s h u t t l e  o rb i te r  r een t ry  p re sen t s  des ign  p rob lems  cons ide rab ly  
d i f f e r e n t  f r o m  t h o s e  of most p r e v i o u s  r e e n t r y  v e h i c l e s  b e c a u s e  o f  
( 1 )  t h e  q u i t e  l ong  exposure  (10 t o  20 minutes)  t o  modera t e  hea t ing  
r a t e s ,  ( 2 )  t h e   r e q u i r e m e n t  of r e u s a b i l i t y ,   a n d  (3) i t s  c o n f i g u r a t i o n  
a s   b o t h  a s p a c d r e e n t r y   c r a f t   a n d   s u b s o n i c   a i r p l a n e .   T h e   h e a t i n g   r a t e s ,  
which  a re  modera te  because of t h e  l i f t  c a p a b i l i t y  o f  t h e  c o n f i g u r a t i o n ,  
make i t  p o s s i b l e  t o  c o n s i d e r   r e u s a b l e   t h e r m a l   p r o t e c t i o n   s y s t e m s .  Two 
t y p e s  o f  s u c h  s y s t e m s  a r e  c u r r e n t l y  b e i n g  c o n s i d e r e d  f o r  e v e n t u a l  use-- 
m e t a l l i c  r a d i a k i v e  h e a t - s h i e l d  a n d  e x t e r n a l  i n s u l a t i o n  made o f  low- 
d e n s i t y   r e f r a c t o r y   m a t e r i a l s .   I n   a d d i t i o n ,   s i n c e   b o t h   o f   t h e s e   s y s t e m s  
r e q u i r e  c o n s i d e r a b l e  t e c h n o l o g i c a l  a d v a n c e m e n t  b e f o r e  t h e y  c a n  b e  u s e d  
on t h e  s h u t t l e ,  ( n o n r e u s a b l e )  a b l a t i v e  materials are now be ing  con- 
sidered as   an  inter im  Thermal   Protect ion  System  (TPS).  
1* 
The  na tu re  o f  t he  TPS is  impor t an t  t o  an tenna  des ign  s ince  p rov i -  
s ion  mus t  be  made f o r  t h e  RF energy t o  p ropaga te  th rough  the  cove r ing ,  
t h e  p r o b l e m  b e i n g  a m p l i f i e d  b y  t h e  d i v e r s i t y  of RF s y s t e m s  r e q u i r e d  f o r  
t h i s   v e r s a t i l e   v e h i c l e .   I f  a m e t a l l i c   s h i e l d  is u s e d ,   t h e   a n t e n n a  
sys tems m u s t  u s e  o p e n i n g s  s u c h  a s  h o l e s  a n d  s l o t s  i n  t h e  s h i e l d ,  c o v e r e d  
w i t h   h i g h - t e m p e r a t u r e   d i e l e c t r i c   m a t e r i a l s .   I n   t h e   c a s e   o f   i n s u l a t i v e  
or a b l a t i v e  d i e l e c t r i c  c o v e r i n g s ,  i t  may b e  p o s s i b l e  t o  t r a n s m i t  RF 
t h r o u g h  t h e  c o a t i n g s  w i t h o u t  t h e  n e c e s s i t y  o f  m a k i n g  e x t e r n a l  b r e a k s  i n  
t h e  s h i e l d  f o r  s e p a r a t e  RF window mate r i a l s ,  wh ich  wou ld  r ep resen t  a 
c o n s i d e r a b l e   s a v i n g   i n  cost  a n d   w e i g h t .   I n   a n y   c a s e ,   t h e   d i e l e c t r i c  
m a t e r i a l s  u s e d  a s  p a r t  o f  t h e  RF t r a n s m i s s i o n  p a t h  o f  a g iven  an tenna  
m u s t  b e  R F - t r a n s p a r e n t  f o r  t h e  p e r i o d s  when t h a t  a n t e n n a  f u n c t i o n s ,  
a f t e r  many c y c l e s  (-100) of  exposure  t o  t h e  v a r i o u s  e n v i r o n m e n t s .  
* 
R e f e r e n c e s  a r e  l i s t e d  a t  t h e  e n d  of t h e  r e p o r t .  
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Most d i e l e c t r i c  m a t e r i a l s  a b s o r b  RF e n e r g y  i n c r e a s i n g l y  a s  
t empera tu re  i s  i n c r e a s e d .   T h i s   p r o p e r t y  (loss f a c t o r ,  or loss t a n g e n t ,  
or conduct iv i ty)  must  be  measured  t o  d e t e r m i n e  w h e t h e r  t h e  a b s o r p t i o n  
l e v e l   o v e r   t h e   r e l e v a n t   t e m p e r a t u r e   r a n g e   c a n  be t o l e r a t e d .   I n   a d d i t i o n ,  
t h e  p e r m i t t i v i t y  (or d i e l e c t r i c  c o n s t a n t )  o f  d i e l e c t r i c s  i s  g e n e r a l l y  
a f u n c t i o n  o f  t e m p e r a t u r e ,  a n d  t o o  l a r g e  a v a r i a t i o n  i n  p e r m i t t i v i t y  
c a n n o t  b e  t o l e r a t e d  i n  some sys tems because  of  pa t te rn  and  impedance-  
m a t c h i n g   c o n s i d e r a t i o n s   ( h a l f - w a v e   s l a b s ,   e t c . ) .   T h e r e  i s  a n   a d d i t i o n a l  
compl i ca t ion  when h i g h  RF power l e v e l s  a r e  u s e d ,  s i n c e  t h e  m a t e r i a l  is  
s u b j e c t e d  t o  h e a t  i n p u t  f r o m  two sources- -aerodynamic  hea t ing  and  RF 
h e a t i n g .   T h i s   c o m b i n a t i o n   c a n ,   u n d e r   c e r t a i n   c i r c u m s t a n c e s ,   c a u s e   n o t  
on ly  a l a r g e  loss of  RF e n e r g y  b u t  a l s o  a n  i n s t a b i l i t y  c a l l e d  b r e a k d o w n  
o f   t h e   m a t e r i a l ,   w h i c h   r e s u l t s  i n  permanent  damage t o  i t .  S t i l l  
a n o t h e r  way i n  which  the  RF window and TPS m a t e r i a l s  c a n  p a r t i c i p a t e  
i n  h igh -power  l imi t a t ions  i s  by s u b l i m a t i o n  of chemica l s  f rom the  
m a t e r i a l   i n t o   t h e   a i r   s h o c k   l a y e r .   T h e s e   c h e m i c a l s   c o u l d   c h a n g e   t h e  
R F - p o w e r - h a n d l i n g  c a p a b i l i t y  o f  t h e  r a r e f i e l d ,  h e a t e d  a i r  l a y e r  d u r i n g  
r e e n t r y  h e a t i n g .  
T h e  h i g h - p o w e r  c o n s i d e r a t i o n s  a r e  i m p o r t a n t  t o  t h e  s h u t t l e  b e c a u s e  
of t h e  p o s s i b i l i t y  t h a t  h i g h  t r a n s m i t t e d  p o w e r  l e v e l s  w i l l  be  needed 
f o r  some o f  t h e  many communica t ions  and  guidance  func t ions  requi red  of  
a v e h i c l e  w i t h  r e l a t i v e l y  l i t t l e  ground  support .   For   example,   h igh 
pulsed power may be  needed  fo r  a r a d a r  a l t i m e t e r  s i n c e  t h e  t r a n s m i s s i o n  
i s  two-way, depending  upon how h igh  i t  is  deployed.  Also, because   o f  
i t s  l a r g e ,  f l a t  c o n f i g u r a t i o n ,  t h e  s h u t t l e  w i l l  have  a v e r y  t h i c k  s h o c k  
l a y e r ,   a n d   t h e   r e e n t r y   h e a t i n g   p l a s m a  w i l l  b e  q u i t e  t h i c k .  Even a t  
v e l o c i t i e s  a n d  a l t i t u d e s  w h e r e  s l e n d e r  v e h i c l e s  wou ld  no t  su f f e r  
s i g n i f i c a n t  a t t e n u a t i o n ,  t h e  t h i c k n e s s  o f  t h e  s h u t t l e  p l a s m a  m i g h t  
r e s u l t  i n  a l a r g e   a t t e n u a t i o n .  To c o m p e n s a t e   f o r   t h i s  loss ,  a h ighe r -  
t h a n - n o r m a l  t r a n s m i t t e r  p o w e r  m i g h t  b e  r e q u i r e d  o n  a n y  t r a n s m i t t e r s  
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o p e r a t e d   d u r i n g   t h e s e   p e r i o d s .  I t  w i l l  b e   s e e n   t h a t   t h e   s a m e   r e e n t r y -  
hea t ing- induced  phenomena t h a t  p r o d u c e  t h e  p l a s m a  a t t e n u a t i o n  a l s o  
produce lower t h r e s h o l d s  f o r  g a s  breakdown. 
The o b j e c t i v e s  of th i s  p rogram were a s  f o l l o w s :  
D.etermine,  by a su rvey  o f  gove rnmen t  l abora to r i e s  and  
NASA c o n t r a c t o r s ,  t h e  s t a t e  o f  t h e  a r t  i n  d e a l i n g  w i t h  
the high-power problems discussed above.  
D e v e l o p  t e c h n i q u e s  f o r  t e s t i n g  o f  ( s o l i d )  m a t e r i a l s  
a s  t h e y  a f f e c t  RF t ransmiss ion ,   wi th   emphas is   on  
h igh-power   appl ica t ions .   (Prec ise   measurement  of 
low-power d i e l e c t r i c  p r o p e r t i e s  of t h e  m a t e r i a l s  was 
n o t  a s p e c i f i c  o b j e c t i v e  o f  t h e  p r o g r a m  s i n c e  t h i s  
w i l l  b e  d o n e  a t  t h e  NASA-Langley f a c i l i t y . )  
I n  a d d i t i o n ,  w h i l e  t h e s e  t e c h n i q u e s  were b e i n g  d e m o n s t r a t e d ,  d a t a  o n  
s e v e r a l  d i f f e r e n t  c a n d i d a t e  m a t e r i a l s  were ga thered ,  wi th  an  emphas is  
on n o n a b l a t i n g  m a t e r i a l s  o f  b o t h  h i g h  a n d  low mass  dens i ty .  
Breakdown i n  t h e  RF t r a n s m i s s i o n  p a t h  i s  bo th  more f requent  and  
b e t t e r  u n d e r s t o o d  i n  g a s e s  ( a i r  or a b l a t i v e - c o n t a m i n a t e d  a i r )  t h a n  i n  
s o l i d s .  A comprehensive  review of breakdown i n  a i r  d u r i n g  r e e n t r y  is 
g i v e n   i n   R e f .  2 .  A p p l i c a t i o n s   o f   t h i s  body o f   i n f o r m a t i o n  t o  t h e  
p r o j e c t e d  s h u t t l e  configuration/trajectory form t h e  b a s i s  o f  S e c t i o n  1 1 1 - A  
o f  t h i s  r e p o r t .  I t  was f e l t  t h a t  t h e r e  was  no  need f o r  a l a b o r a t o r y  
e f f o r t  o n  t h i s  a s p e c t  o f  t h e  p r o b l e m  a t  t h i s  time. 
I t  h a d  b e e n  e x p e c t e d  a t  t h e  i n c e p t i o n  o f  t h i s  p r o g r a m  t h a t  a 
p o r t i o n  o f  t h e  e f f o r t  i n  t h e  s t u d y  p r o g r a m  w o u l d  go toward  eva lua t ing  
spec i f ic   p roposed   shut t le   an tennas   for   h igh-power   p roblems.   However ,  
t h e  P h a s e  B i n v e s t i g a t i o n s  h a v e  n o t  p r o g r e s s e d  r a p i d l y  e n o u g h  f o r  t h i s  
s p e c i f i c  a p p l i c a t i o n ,  r e s u l t i n g  i n s t e a d  i n  t h e  d e v e l o p m e n t  of guide- 
l i n e s  f o r  d e s i g n  a s  g i v e n  i n  S e c t i o n  111-A,  
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I t  w i l l  b e   s e e n   i n   S e c t i o n  111-B b e l o w   t h a t   t h e r e   a r e  two k i n d s  ' 
of breakdown i n  s o l i d s ;  t h e  f i e l d  t h r e s h o l d s  a t  room t e m p e r a t u r e  a r e  i n  
the   ne ighborhood of 10 V/cm for b o t h  k i n d s ,  b u t  t h e  t h r e s h o l d s  of 
many m a t e r i a l s   a r e   r e d u c e d   a t   h i g h e r   t e m p e r a t u r e s .  I t  i s  a l s o   n o t e d  
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t h a t  p r e d i c t i o n s  of t h e  t h r e s h o l d s  a t  s h u t t l e  t e m p e r a t u r e s  i s  n o t  
p o s s i b l e   w i t h o u t   a d d i t i o n a l   ( b u t   u n a v a i l a b l e )   d a t a ,   s u c h   a s   d e p e n d e n c e  
o f   t h e  loss  t angen t   on   t empera tu re .   Thus ,   t echn iques  for t e s t i n g   t h e  
m a t e r i a l s  for breakdown a t  h i g h  t e m p e r a t u r e  were t h e  p r i n c i p a l  o b j e c t i v e  
of t h e  l a b o r a t o r y  s t u d y .  
RF breakdown i n  d i e l e c t r i c  m a t e r i a l s  i s  n o t  o f t e n  o b s e r v e d  o u t s i d e  
s u c h  a p p l i c a t i o n s  a s  c a p a c i t o r s  a n d  window m a t e r i a l s  for evacuated  h igh-  
power RF g e n e r a t o r s .  One o f   t h e   r e a s o n s  i s  t h a t  t h e r e  i s  o f t e n   n o  
s o u r c e  of h e a t  o t h e r  t h a n  t h e  h e a t i n g  f r o m  RF e n e r g y  a b s o r p t i o n  d u e  t o  
t h e   c o n d u c t i v i t y .   A n o t h e r   r e a s o n  i s  t h a t   t h e   m a t e r i a l s   a r e   u s u a l l y  
s e l e c t e d  'so t h a t  t h e  a b s o r p t i o n  i s  low, t o  m i n i m i z e  s y s t e m  l o s s e s  i n  
any  case.   However ,   breakdown  has   been  observed  in  d i e l e c t r i c s  wi th  
i n a d e q u a t e  d i s s i p a t i o n  o f  t h e  g e n e r a t e d  h e a t .  One o f   t h e   m o s t   d r a m a t i c  
i n s t a n c e s  was the  explos ive  breakdown of  an  organic  foam t h a t  was used 
a s  a mechan ica l   suppor t   fo r  a h e l i x   a n t e n n a .   T h i s   i n s t a l l a t i o n   h a d  no 
a d d i t i o n a l  h e a t i n g  s o u r c e ,  b u t  t h e  foam p o s s e s s e d  t y p i c a l l y  poor 
t h e r m a l  c o n d u c t i v i t y  i n  a d d i t i o n  t o  t h e  r e q u i r e d  e l e c t r i c a l  c o n d u c t i v i t y  
behavior  wi th  tempera ture  ( see  Sec t ion  111-B-2) .  
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I t  w i l l  b e  s e e n  t h a t  n o n e  of t h e  RF window  and TFS c a n d i d a t e s  
t e s t e d  i n  t h e  l a b o r a t o r y  p r o g r a m  c o u l d  b e  b r o k e n  down w i t h  t h e  
c a p a b i l i t i e s  o f  t h e  test  equipment w e  u s e d ,  d e s p i t e  t h e  s i m u l a t i o n  
o f  a e r o d y n a m i c  h e a t i n g  u p  t o  t h e  e x p e c t e d  maximum tempera tu res  o f  
250O0F. H e n c e ,   t h e s e   l o w - l o s s   r e f r a c t o r y   m a t e r i a l s   a p p e a r  t o  b e   s a t i s -  
f a c t o r y  from a b reakdown  s t andpo in t .   The   poss ib i l i t y  of t h e  u s e  of 
a b l a t i v e  m a t e r i a l s ,  i n c l u d i n g  a possible  compromise  between low-loss 
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a n d  c o o l i n g  e f f e c t i v e n e s s ,  b r i n g s  a c o m p l e t e l y  d i f f e r e n t  f a m i l y  o f  
m a t e r i a l s  i n t o  t h e  p i c t u r e  i f  t h e s e  m a t e r i a l s  a r e  t o  b e  u s e d  i n  t h e  RF 
t r a n s m i s s i o n  p a t h .  
Measurements  re la t ing  t o  t h e  o u t g a s s i n g  o f  m a t e r i a l s  a n d  t o  b r e a k -  
down a long  a p l a s m a / m a t e r i a l  i n t e r f a c e  were made ,  us ing  the  shock  tube  
and   the   quadrupole   mass   spec t rometer .  I t  w i l l  b e  s e e n  t h a t  t h e s e  tests, 
u s i n g  t h e  a v a i l a b l e  c a n d i d a t e  m a t e r i a l s ,  g a v e  r e s u l t s  t h a t  c o u l d  b e  
a n t i c i p a t e d  o n  t h e  b a s i s  t h a t  t h e  m a t e r i a l s  do n o t  o u t g a s .  
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I11 STUDY P R O G W  RESULTS 
A. Breakdown in   Gases- -Appl ica t ion  t o  S h u t t l e  
T h i s  section p r e s e n t s  g u i d e l i n e s  f o r  s h u t t l e  a n t e n n a  d e s i g n  t o  
avoid  breakdown i n  g a s e s  e x p o s e d  t o  t h e  a n t e n n a  RF f i e l d s .  The  back- 
g r o u n d  f o r  t h e  i n f o r m a t i o n  p r e s e n t e d  h e r e  is g iven  i n  Ref. 2 and w i l l  
n o t   b e   r e p e a t e d   h e r e .   I n s t e a d ,   t h e   a s p e c t s   o f   R e f .  2 t h a t   a p p l y  t o  
s h u t t l e  i n s t a l l a t i o n s  will be  adap ted  t o  t h e  g e n e r a l  s h u t t l e  n e e d s .  
1. Genera l   D i scuss ion  
Thresholds  f o r  breakdown of a i r  i n  i n t e n s e  FU? f i e l d s  a r e  
dominated by a broad minimum t h a t  o c c u r s  a s  t h e  a i r  d e n s i t y  is  v a r i e d  
through the  range  found in  the  a tmosphere  as  a f u n c t i o n  o f  e l e v a t i o n .  
This  minimum i s  found t o  o c c u r  r o u g h l y  a t  a n  a m b i e n t  p r e s s u r e  i n  t o r r  
e q u a l  t o  t h e  RF f r e q u e n c y   i n  G H z .  For   example ,   F igure  1 shows  th resholds  
f o r  a f requency of  10 GHz a s  a f u n c t i o n  o f  p r e s s u r e ,  f o r  s e v e r a l  
d i f f e r e n t   v a l u e s   o f   t h e   p a r a m e t e r  PD/A . Here, D i s  c a l l e d  t h e  d i f f u s i o n  
c o e f f i c i e n t ,   a n d  A is t h e   c h a r a c t e r i s t i c   d i f f u s i o n   l e n g t h .   V a l u e s  of 
D w i l l  be d i scussed   subsequen t ly .   The   d i f fus ion   l eng th  i s  a f u n c t i o n  
of t h e  c o n f i g u r a t i o n  o f  b o t h  the e l e c t r i c  f i e l d s  a n d  t h e  s o l i d  s t r u c t u r e s  
a d j a c e n t   t o   t h e   g a s .   F o r   e x a m p l e ,   t h e   d i f f u s i o n   l e n g t h  of a d i e l e c t r i c -  
plugged  open-end  waveguide,   terminated i n  a ground  p lane ,  is approxi-  
mate ly  b/10 where b is the  E-plane  dimension  of  t h e  g u i d e .   E f f e c t i v e  
v a l u e s  of A f o r  v a r i o u s  f i e l d  c o n f i g u r a t i o n s  a n d  b o u n d a r y  c o n d i t i o n s  
a r e  g i v e n  i n  T a b l e s  I and 11. F i g u r e  1 a l s o  h a s  more  gene ra l  coord ina te s ,  
E/f a n d  p / f ,  i n d i c a t i n g  t h e  s c a l i n g  r e l a t i o n s h i p s  e x i s t i n g  b e t w e e n  p ,  
f ,  a n d   l e n g t h   d i m e n s i o n s .   ( F o r   t h e   g e n e r a l   a p p l i c a t i o n  of F i g u r e  1, 
u s i n g  t h e  u p p e r  a n d  r i g h t - h a n d  c o o r d i n a t e s ,  t h e  p a r a m e t e r  PD/A on 
t h e   v a r i o u s   c u r v e s  must be rep laced   by  10 pD/p ). I n  s h o r t ,   i n  
addi t ion  to t h e  u s u a l  e l e c t r o d y n a m i c  s i m i l a r i t y  ( w a v e l e n g t h  a n d  
2 
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p/f - torr/GHz 
PDIII~ = 1.3 x lo5 
10" 1  10'  1 02 
p - torr 
Bottom and left-hand scales indicate special-case  coordinates  for  f = 10 GHz. 
Top and  right-hand  scales indicate universal coordinates (see Section Ill-F). 
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FIGURE  1FIELD-STRENGTH  THRESHOLDS AS A FUNCTION OF PRESSURE FOR VARIOUS 
VALUES OF DIFFUSION PARAMETER po/h2 
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Table I 
EQUIVALENT  DIFFUSION LENGTHS FOR NONUNIFORM  IONIZATION 
(Planar Geometry) 
CASE 
1 Step Function 
u ( z ) = u o  o < z < z ,  
u ( z )  = -va z > zo 
2 Convex  Parabolic 
3 Straight Line 
u ( z )  = uo (1 - z/zo) 
4 Concave Parabolic 






A, = - 
(; +6) 
with 6 = 0 when p = 0 
and 6 = 5 when va = uo 
A, = z0/3 




EQUIVALENT  DIFFUSION LENGTHS FOR NONUNIFORM  IONIZATION 
(Cylindrical and Spherical Geometry) 
CASE 
4 CYLINDRICAL  GEOMETRY 
1 Step Function 
v(z) = vo 0 < r < ro 
v ( z )  = -va r > ro 
2 Convex Parabola 
v(r) = vo ( 1  - r2/ro2) 




V )  
= vo (ro /r15 
B SPHERICAL  GEOMETRY 
v(r) = vo ( ro /r ) l0  
FORM OF 
IONIZATION  RATE 
v(r' 1\ 







Ae = ro/1.6 for va = v o  
Ae + w for va -+ 0 
Ae = ro/2.9  for v, = vo 
Ae-+ m for va + O  
A, = ro 14.2 
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d i m e n s i o n s   k e p t   p r o p o r t i o n a l ) ,  p mus t   a l so  be v a r i e d   p r o p o r t i o n a l l y  
with  wavelength  and  dimensions.  I t  is n o t e d  t h a t  i n  t h e  g e n e r a l  c a s e ,  
i t  i s  n o t  E t h a t  i s  i n v a r i a n t   i n   s c a l i n g ,   b u t   E / f .   T h i s  means t h a t  
power t h r e s h o l d s  a r e  i n v a r i a n t  i n  s c a l i n g ,  s i n c e  p o w e r  v a r i e s  p r e c i s e l y  
a s   ( E / f )   f o r   g e o m e t r i c a l l y   s i m i l a r   a n t e n n a s   s c a l e d   f o r   d i f f e r e n t  
f r equenc ie s .   Thus ,   fo r   example ,   t he   power   t h re sho lds   o f   an  X-band 
open-end waveguide can be used for a s l o t  a n t e n n a  a t  any o t h e r  f r e q u e n c y ,  
p rov ided  the  d imens ions  a re  sca l ed  wi th  ( f r ee - space )  wave leng th ,  
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FIGURE 2 ILLUSTRATION OF MEASURED  BREAKDOWN  THRESHOLD  SCALING FOR 
THREE  GEOMETRICALLY  SIMILAR MONOPOLE ANTENNAS 
A i r  dens i ty  in  the  ambien t  a tmosphe re  changes  approx ima te ly  
a n  o r d e r  o f  m a g n i t u d e  f o r  e v e r y  50 k f t  i n  a l t i t u d e .  The minimum i n  t h e  
t h r e s h o l d  c u r v e  f o r  10 GHz is a t  a p p r o x i m a t e l y  100 k f t  a l t i t u d e ,  f o r  
1 GHz a t  150 k f t ,  etc.  I t  shou ld   no t   be   ove r looked ,   however ,   t ha t   t he  
ambient  atmosphere is s e v e r e l y  p e r t u r b e d  b y  a r e e n t r y  v e h i c l e ,  es- 
p e c i a l l y   i n   t h e   v i c i n i t y   o f   t h e   v e h i c l e .   ( I n   g e n e r a l ,   t h i s  means t h a t  
v e h i c l e  f l o w  f i e l d s  m u s t  be s p e c i f i e d  for accura t e  b reakdown p red ic t ions  
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t o  be made.)  Then t h e  d e n s i t y  of t h e  a i r  must be u s e d  a s  a p r o p e r  
v a r i a b l e ,  r a t h e r  t h a n  p r e s s u r e ,  s i n c e  b o t h  p r e s s u r e  a n d  t e m p e r a t u r e  
w i t h i n  t h e  s h o c k  l a y e r  a r e  q u i t e  d i f f e r e n t  from the  ambient  a tmosphere .  
( F o r  a l l  c a s e s  w h e r e  T f 300°K, t h e  d e f i n i t i o n  o f  "p" u s e d  i n  t h i s  
s e c t i o n   s h o u l d   b e  p = 760 p/p where p/p  i s  t h e   r a t i o   o f   a i r   d e n s i t y  
t o  STP d e n s i t y .  ) 
0 '  0 
T h e r e  a r e  a d d i t i o n a l  e f f e c t s  o f  t h e  a e r o d y n a m i c  h e a t i n g  t h a t  
a l t e r   t h e   t h r e s h o l d s .  One i s  t h e   e f f e c t  of t h e r m a l   i o n i z a t i o n .   T h e  
d i f f u s i o n  c o e f f i c i e n t  f o r  low e l e c t r o n  d e n s i t y ,  c a l l e d  f r e e  d i f f u s i o n ,  
i s  given  by D = 1.6  x 10 /p   i n   t he   cgs - to r r   sys t em.   However ,   beyond  
a t r a n s i t i o n  r e g i m e  o f  e l e c t r o n  d e n s i t y ,  t h e  d i f f u s i o n  mode becomes 
a m b i p o l a r ,  a n d  t h e  d i f f u s i o n  c o e f f i c i e n t  r e a c h e s  a n  a s y m p t o t i c  v a l u e  
about  10 times i t s  "free" v a l u e .   T h i s   t r a n s i t i o n   r e g i m e  of e l e c t r o n  
dens i ty ,  where  D f a l l s  by a f a c t o r  o f  1 0  , c o v e r s  a b o u t  t h r e e  o r d e r s  
o f  magn i tude  in  e l ec t , ron  dens i ty ,  n ,  and  i s  c e n t e r e d  a b o u t  a v a l u e  o f  
n - 3 x 10 /A . From F i g u r e  1 i t  can  be  seen  how a r e d u c t i o n  i n  pD 
by a f a c t o r  o f  100 a f f e c t s  t h r e s h o l d s ,  e s p e c i a l l y  o n  t h e  low-p s i d e  o f  





6 2  
A n o t h e r  e f f e c t  o f  a e r o d y n a m i c  h e a t i n g  i s  t h a t  t h e  g a s  is 
a l r e a d y  e x c i t e d  t o  some e x t e n t ,  a n d  t h e  RF i o n i z a t i o n  becomes more 
e f f i c i e n t  i n  terms o f   f i e l d s   r e q u i r e d  t o  p r o d u c e   e l e c t r o n s .   F i g u r e  3 
shows t h e  b e s t  a v a i l a b l e  i n f o r m a t i o n  o n  t h i s  e f f e c t  by i l l u s t r a t i n g  t h e  
( n o r m a l i z e d )  f i e l d  t h r e s h o l d s  f o r  a g i v e n  v a l u e  o f  t h e  d i f f u s i o n  p a r a -  
meter, PD/A f . The  combined e f f e c t s   o f   r e d u c e d   d i f f u s i o n   a n d  more 2 2  
e f f i c i e n t  i o n i z a t i o n  c a n  g i v e  a b o u t  a 10-dB d e c r e a s e  i n  t h r e s h o l d s  on 
t h e  low-p side of t h e  minimum--for  example,  when t h e  g a s  t e m p e r a t u r e  
is  4000'K. 
There  i s  a n  a d d i t i o n a l  e f f e c t  d u e  t o  f l o w  o f  t h e  g a s  r e l a t i v e  
to the   an tenna - - to   r a i se   t he   t h re sho lds .   However ,   t he  e f fec t  is  s m a l l  
14 
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Top and  right-hand  scales  indicate  special-case  coordinates for f = 10 GHz. 
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FIGURE 3 PREDICTED  THRESHOLDS AT HIGH TEMPERhTURE FOR  ONE VALUE OF 
DIFFUSION  PARAMETER 
enough t o  be  i g n o r e d  f o r  t h e  p r e s e n t  s t a t e  of p r o j e c t e d  s h u t t l e  
an tennas .  
The  above  thresholds ,  for  CW a p p l i c a t i o n s ,  c a n  b e  r a i s e d  i f  
pu l sed  RF is used .   F igure  4 shows how t h e  t h r e s h o l d s  v a r y  f o r  v a r i o u s  
c o m b i n a t i o n s  o f  p u l s e  d u r a t i o n ,  7, and  the  d i f fus ion  pa rame te r s .  
A high-power problem related to  breakdown is c a l l e d  m u l t i -  
p a c t i n g ,   o r   s e c o n d a r y - e l e c t r o n - r e s o n a n c e ,   d i s c h a r g e .  I t  o c c u r s   a t  
a l t i t u d e s  h i g h e r  t h a n  o r d i n a r y  g a s  d i s c h a r g e s ,  a n d  i n  f a c t  r e q u i r e s  
t h e  d e n s i t y  t o  be low  enough f o r  e l e c t r o n s  t o  t r a v e r s e  a n  a n t e n n a  g a p  
w i t h o u t   c o l l i s i o n .   A l t h o u g h   t h i s   t y p e   o f   d i s c h a r g e   u s u a l l y   d o e s   n o t  
15 
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Bottom and  left-hand  scales  indicate  special-case  coordinates for f = 10 GHz. 
Top and  right-hand scales indicate  universal  coordinates  (see  Section Ill-F). 
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FIGURE 4 EFFECTS OF PULSE DURATION  ON  BREAKDdWN  THRESHOLDS,  COMPARED 
WITH CW THRESHOLDS 
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p r o d u c e  e l e c t r o n  d e n s i t y  h i g h  e n o u g h  t o  b e  d e l e t e r i o u s  f o r  s i g n a l  
t r a n s m i s s i o n ,  i t  has  been known to  c a u s e  o u t g a s s i n g  f r o m  a n t e n n a  s u r f a c e s  
s u f f i c i e n t l y  t o  t h e n  p r o v i d e  a n  a r t i f i c i a l  a t m o s ' p h e r e  i n  w h i c h  a s i g n a l -  
a t t e n u a t i n g  d i s c h a r g e  c a n  b e  t r i g g e r e d .  4 
2. Breakdown A l l e v i a t i o n  
S e v e r a l  d i f f e r e n t  m e a s u r e s  a r e  a v a i l a b l e  for r a i s i n g  b r e a k -  
down t h r e s h o l d s  i n  a i r .  One is to  move RF-gene ra t ed   e l ec t rons   r ap id ly  
o u t   o f   t h e   i n t e n s e - f i e l d   r e g i o n   ( f a s t e r   t h a n   t h e   g a s   f l o w   d o e s ) .   T h i s  
can be accompl i shed  in  some c a s e s  b y  t h e  u s e  o f  a s t a t i c  e l e c t r i c  f i e l d  
T h i s  m e t h o d  h a s  b e e n  u s e d  e f f e c t i v e l y  i n  t h e  l a b o r a t o r y ,  b u t  i s  n o t  a s  
e f f e c t i v e  when t h e r m a l   i o n i z a t i o n  is p r e s e n t .   F i g u r e  5 shows t h e  
( e x p e r i m e n t a l  a n d  t h e o r e t i c a l )  r e d u c t i o n  i n  t h r e s h o l d s  f o r  v a r i o u s  
l e v e l s   o f   t h e r m a l   i o n i z a t i o n ,  n 
0' 
Another means o f  r a i s i n g  t h r e s h o l d s  i s  t h e  use  of  chemical  
a d d i t i v e s  t o  t h e  g a s  when breakdown i s  most  probable.   Measurements,  
showed t h a t  e l e c t r o p h i l i c  g a s e s  a n d  l i q u i d s  s u c h  a s  SF a t t a c h  t h e  RF- 
p roduced   e l ec t rons   such   a s  t o  r a i s e   t h r e s h o l d s .  However, t h i s   e f f e c t ,  
t o o ,  i s  reduced by h igh   t empera tu res   and   p robab ly   r equ i r e s   fu r the r  
i n v e s t i g a t i o n  t o  be  d e m o n s t r a t e d  a s  b e n e f i c i a l  i n  a r e e n t r y  s i t u a t i o n .  
I n  a d d i t i o n  t,o i n t e n t i o n a l  a d d i t i o n  of chemica l s ,   ou tgass ing   f rom 
s u r f a c e s ,  e s p e c i a l l y  a b l a t i n g  m a t e r i a l s ,  c a n  a l s o  a f f e c t  b r e a k d o w n  
t h r e s h o l d s  i n  a i r .  
5 96 
6 
S i n c e  b r e a k d o w n  o c c u r s  i n  r e l a t i v e l y  i n t e n s e  n e a r  f i e l d s  of 
an antenna,  gas  breakdown can also be suppressed  by u s e  of d ie lec t r ics  
a s  i n s u l a t i v e  f i l l e r  to  r e p l a c e  t h e  a i r  i n  t h e  h i g h - f i e l d  r e g i o n s .  
F o r  e x a m p l e ,  i f  a d ie lec t r ic  s l a b  is p l a c e d  o v e r  an a n t e n n a  a n d  i f  t h e  
s l a b  is thick enough t o  s e r v e  a s  a n  i n s u l a t i v e  f i l l e r  o u t  t o  a p o i n t  
a t  wh ich  the  maximum f i e l d   i n   a i r  is reduced by some f a c t o r  F compared 
w i t h  t h e  f i e l d  w i t h o u t  t h e  d ie lec t r ic ,  t h e  f i e l d  t h r e s h o l d  w i l l  b e  a t  
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FIGURE 5 EFFECT OF  BIAS IN RAISING  TIP-BREAKDOWN  THRESHOLDS OF MONOPOLE 
IN PRESENCE OF PLASMA 
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t h e  same l e v e l ,  b u t  a t  t h e  new po in t .   However ,   t he   power   r equ i r ed   t o  
p r o d u c e  t h a t  h i g h  a f i e l d  a t  t h e  more remote  poin t  w i l l  b e  i n c r e a s e d  
by a f a c t o r  F . 2 
3. Nominal   Shut t le-Trajectory  Examples  
Le t  u s  cons ide r  an  X-band s l o t  antenna as  an example f o r  t h e  
s h u t t l e .   I f   t h e   f r e q u e n c y  is 10 GHz, and  the  E-plane  dimension i s  0 .4  
i n c h e s ,  t h e  n o m i n a l  minimum i n  t h e  power  th re sho ld  ( a t  - 900 w a t t s  
w i t h  n o  d i e l e c t r i c  c o v e r i n g )  w o u l d  b e  e x p e c t e d  a t  a n  a l t i t u d e  o f  a b o u t  
100 k f t   i n   t h e   a m b i e n t   a t m o s p h e r e .   H o w e v e r ,   b e f o r e   t h e   s h u t t l e   g e t s  
down to  100 k f t ,  a c o n s i d e r a b l e  s h o c k  l a y e r  i s  produced,  dense  enough 
to  cause  ambipo la r  d i f fus ion  and  ho t  enough  (-4000°K) t o  f u r t h e r  
reduce   power   th resholds   about  4 dB. Thus a t r a n s i t i o n   f r o m   t h e   c o l d -  
a i r / f r e e - d i f f u s i o n  c u r v e  t o  hot-air/ambipolar-diffusion c o n d i t i o n s  w i l l  
o c c u r   a t   p e r h a p s   2 9 0   k f t ,   a s  shown i n  F i g u r e  6 ( a ) .  S i n c e  t h e  s h u t t l e  
s lows   cons ide rab ly  by t h e  time i t s  a l t i t u d e  i s  125 k f t  (down t o  about 
6 k f / s ) ,  i t  i s  p o s t u l a t e d  t h a t  a r e - t r a n s i t i o n  w i l l  o c c u r  a t  a p p r o x i -  
m a t e l y   t h i s   a l t i t u d e ,   a n d   t h r e s h o l d s  w i l l  b e  made h i g h e r   a g a i n .  I t  can 
be  seen  f rom F igure  6 t h a t  i t  is i m p o r t a n t  t o  d e f i n e  t h e  a l t i t u d e  r a n g e  
i n  which  deployment  of a g iven   an tenna  i s  n e c e s s a r y .   F i g u r e   6 ( b )  
shows t h e  s i m i l a r  p r e d i c t i o n s  f o r  a quarter-wave  monopole  antenna 
o p e r a t i n g  a t  1 .0  GHz, which  would  have a t h r e s h o l d  minimum i n  t h e  
ambient  a tmosphere  a t  150 k f t  and a t  a power l e v e l  o f  220 w a t t s .  
F i g u r e s  6 ( a )  a n d  ( b )  a r e  p r e d i c a t e d  o n  t h e  b a s i s  o f  b r e a k -  
down d a t a  e x t r a p o l a t e d  t o  a regime (corresponding t o  t h e  h i g h e r  a l t i t u d e s )  
w h e r e  t h e  d a t a  a r e  v e r y  u n c e r t a i n .  
I f  b r e a k d o w n  o c c u r s  o n  e i t h e r  o f  t h e  a n t e n n a s ,  s i g n i f i c a n t  
a t t e n u a t i o n   o f   t h e   s i g n a l   o c c u r s .   D e p e n d i n g  upon t h e  d e t a i l s  o f  t h e  
l o c a t i o n  o n  t h e  s h u t t l e  a n d  t h e  a n g l e  o f  a t t a c k ,  i t  a p p e a r s  t h a t  
19 
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FIGURE 6(b) THRESHOLDS FOR HEMISPHERICALLY-CAPPED, 
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INCH I N  DIAMETER [same transitions as Figure 6(a)] 
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microwave  f requencies  of 5 to  10 GHz ( and  h ighe r )  wou ld  have  r e l a t ive ly  
low the rma l -p l a sma   a t t enua t ion   t h roughou t   he   t r a j ec to ry .   However ,   t he  
b reakdown p la sma  wou ld  cause  seve re  add i t iona l  a t t enua t ion .  
B. E l e c t r i c a l  Breakdown ~ ~- i n  - Sol ids- -Effec ts   o f   Thermal   Heat ing  
T h e r e  a r e  two k i n d s  o f  e l e c t r i c a l l y  i n d u c e d  b r e a k d o w n  i n  s o l i d s ,  
e i t h e r  of w h i c h  u s u a l l y  r e s u l t s  i n  a permanent change i n  t h e  power- 
h a n d l i n g  c a p a b i l i t y  o f  t h e  d i e l e c t r i c  s a m p l e .  One i s  c a l l e d   t h e r m a l  
breakdown, f o r  t h e  s i m p l e  r e a s o n  t h a t  t h e  p r e c i p i t a t i n g  mechanism is  
RF 'hea t ing .  A l though  me l t ing  o r  some o the r  change  o f  phase  may r e s u l t  
f r o m  t h e r m a l  b r e a k d o w n ,  t h e  l a t t e r  d i f f e r s  f r o m  s i m p l e  m e l t i n g  i n  t h a t  
a c r i t i c a l  RF p o w e r  t h r e s h o l d  e x i s t s  b e y o n d  w h i c h  a n  i n s t a b i l i t y  i n  t h e  
b a l a n c e  b e t w e e n  h e a t  a b s o r b e d  a n d  h e a t  l o s t  t o  s u r r o u n d i n g s  p r o d u c e s  
a q u i c k l y   r i s i n g   t e m p e r a t u r e   t h a t   h a s   n o  limit u n t i l  some change   i n  
t h e  m a t e r i a l  i n  t u r n  c a u s e s  a c h a n g e   i n   t h e   a p p l i e d   f i e l d .   T h i s  
m a t e r i a l  c h a n g e  is u s u a l l y  a p e r m a n e n t  o n e ,  t h u s  a l t e r i n g  t h e  power- 
h a n d l i n g  c a p a b i l i t y .  
A s econd  k ind  o f  b reakdown in  so l id s  i s  c a l l e d  i n t r i n s i c  b r e a k -  
down. This  phenomenon i s  t h e   s o l i d - s t a t e   a n a l o g u e  to  vo l t age   b reak -  
down i n  g a s e s  b y  i m p a c t  i o n i z a t i o n ,  b e c a u s e  o f  t h e  f o l l o w i n g  s i m i l a r i t i e s :  
(1) O n l y   e l e c t r o n s ,   n o t   t h e   p r i n c i p a l  mass   o f   t he   ma te r i a l ,  
a r e  h e a t e d  s i g n i f i c a n t l y  b y  t h e  p r o c e s s .  
( 2 )  T h e   t h r e s h o l d s   d e p e n d   o n   t h e   e f f i c i e n c y   o f   t r a n s -  
m i t t i n g  t h e  e l e c t r i c a l  e n e r g y  t o  e l e c t r o n s  r a t h e r  t h a n  
t o  o t h e r  modes o f  e n e r g y  a b s o r p t i o n ,  a l l  o f  w h i c h  
d e p e n d s  i n  a very  compl ica ted  way o n  t h e  d e t a i l s  o f  
t h e  m i c r o s c o p i c  s t a t e  of m a t e r i a l .  
(3) The c h a r a c t e r i s t i c  times f o r  i t  t o  o c c u r  ( a f t e r  i n i t i a l  
e x p o s u r e  o f  t h e  RF e lec t r ic  f i e l d )  a r e  i n  t h e  n a n o s e c o n d -  
to-microsecond regime. 
(4) Al though   t he  phenomenon is n o t  p r i n c i p a l l y  a t h e r m a l   e f f e c t ,  
t h e  t h r e s h o l d s  a r e  a l t e r e d  when t h e  m a t e r i a l  s u r r o u n d i n g  
t h e  e l e c t r o n s  is h e a t i n g  t o  tempera tures  of i n t e r e s t  i n  
r e e n t r y  a p p l i c a t i o n s .  
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The term e lec t r i c  s t r e n g t h "  or die lec t r ic  s t r e n g t h "   o f   i n s u l a t o r s  
u s u a l l y   r e f e r s   t o   i n t r i n s i c   b r e a k d o w n   t h r e s h o l d s .   S i n c e   i n t r i n s i c  
breakdown i s  a l s o  a r e s u l t  o f  a n  i n s t a b i l i t y ,  t h e  runaway electron 
product ion  i s  u s u a l l y  l i m i t e d  b y  some c o u p l i n g  t o  t h e  m a t e r i a l  
p r o p e r  ( " l a t t i c e " )  t h a t  f r a c t u r e s  o r  p u n c t u r e s  i t .  
I 1  11 
I n  t h e  f o l l o w i n g  p a r a g r a p h s  w e  d i s c u s s  m a i n l y  t h e  e f f e c t  o f  
tempera ture  on bo th -k inds  o f  b reakdown,  e spec ia l ly  t o  de te rmine  whe the r  
t he  h igh  room- tempera tu re  th re sho lds  cou ld  be  r educed  su f f i c i en t ly  to  
make e i t h e r  k i n d  a p r a c t i c a l  c o n s i d e r a t i o n  i n  s h u t t l e  a p p l i c a t i o n s .  
1. I n t r i n s i c  Breakdown 
T h e r e  a r e  v a r i o u s  t h e o r i e s  t o  e x p l a i n  i n t r i n s i c  b r e a k d o w n ,  798 
b u t  t h e  s t a t e  o f  k n o w l e d g e  s t i l l  appears  pr imi t ive  enough tha t  none  
has  y e t  been  proved  dominant.  However,  previous  measurements show t h a t  
t h e   g e n e r a l   r a n g e   o f   f i e l d   t h r e s h o l d s  is  around 10 V/cm. I t  seems 
g e n e r a l l y  a g r e e d  t h a t  t h e  e f f e c t  o f  h i g h  t e m p e r a t u r e s  ( s e v e r a l  times 
room tempera ture  on a b s o l u t e  s c a l e )  i s  t o  r a i s e  i n t r i n s i c  t h r e s h o l d s  
i n  c r y s t a l l i n e  s o l i d s  and t o  lower them i n  amorphous   so l id s .   S ince  
t h e  r o o m - t e m p e r a t u r e  t h r e s h o l d s  a r e  q u i t e  a b o v e  t h e  l i k e l y  s h u t t l e -  
p r o d u c e d  f i e l d  l e v e l s ,  t h e  amorphous m a t e r i a l  t h r e s h o l d s  a t  h i g h  t e m -  
p e r a t u r e s   a r e   t h e   o n l y   c o n c e r n   f o r   s h u t t l e   a p p l i c a t i o n s .   U n f o r t u n a t e l y ,  
t h e r e  is  v e r y  l i t t l e  d a t a  o n  t h e s e  t h r e s h o l d s  a t  s h u t t l e  window 
m a t e r i a l  t e m p e r a t u r e s .  
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A t h e o r e t i c a l  model fo r  t he  t empera tu re  dependence  o f  i n -  
t r i n s i c  b reakdown th re sho lds  in  amorphous  so l id s  has  the  fo rm 
where Em is t h e  t h r e s h o l d  i n  t h e  limit o f  h igh  T ,  @ i s  an  energy 
i n c r e m e n t  t h a t  d e p e n d s  o n  t h e  m i c r o s c o p i c  d e t a i l s  of t h e  m a t e r i a l  
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s t r u c t u r e ,  k is Bol tzmann ' s  cons tan t ,  and  T is  abso lu te  t empera tu re .  
T y p i c a l l y ,  i t  a p p e a r s ,  t h e  e x p o n e n t i a l  f a c t o r  h a s  v a l u e s  o f  t h e  o r d e r  
o f  10 a t  room t e m p e r a t u r e ,   s u c h   t h a t   t h e   f i e l d   t h r e s h o l d s   a r e   p r o -  
bably reduced only by a f a c t o r  o f  a b o u t  10 i n  t h e  limit o f  h igh  T. 
This   would  br ing  them down t o  the  r eg ime  o f  10 V/cm,  which is  probably 
q u i t e   a b o v e   t h e   p r o j e c t e d   s h u t t l e   e x p e r i e n c e s .   F o r   e x a m p l e ,   t h e   f i e l d  
s t r e n g t h  a t  t h e  a p e r t u r e  o f  a n  o p e n - e n d  X-band wavepride is about  10 V/cm 
a t  a power  of lo4 W .  ( I t  is n o t e d  t h a t  b e c a u s e  o f  t h e  c h a r a c t e r i s t i c  
times f o r  i n t r i n s i c  b r e a k d o w n ,  t h e  t h r e s h o l d s  w o u l d  a p p l y  t o  p e a k  
power i n  e v e n t  o f  p u l s e d  RF. Also, f o r  t h e  sizes o f  m a t e r i a l s  f o r  
s h u t t l e  a p p l i c a t i o n s ,  t h e  i n t r i n s i c  t h r e s h o l d s  a r e  i n d e p e n d e n t  o f  
shape  and  dimensions of t h e   m a t e r i a l . )  I t  a p p e a r s   t h a t   i n t r i n s i c  
breakdown i s  u n l i k e l y ,  b u t  s h o u l d  n o t  b e  r u l e d  o u t  c o m p l e t e l y  a s  a 
p o s s i b i l i t y  o n  t h e  s h u t t l e  s i n c e  t h e o r y ,  d a t a  o n  A g f o r  t h e  s p e c i f i c  




2.  Thermal  Breakdown 
Thermal  breakdown can  be  unders tood  ra ther  s imply  in  terms of 
c o m p e t i t i o n  b e t w e e n  h e a t  f l o w i n g  i n t o  t h e  m a t e r i a l  ( v i a  e l e c t r i c a l  
ene rgy   abso rp t ion ,   ae rodynamic   hea t ing ,  e t c . )  a n d   t h e   h e a t   e s c a p i n g   t h e  
m a t e r i a l ,   u s u a l l y   t h r o u g h   d i f f u s i o n  t o  c o o l e r   s u r r o u n d i n g s .   I f   t h e   l o s s  
t a n g e n t  i n c r e a s e s  w i t h  t e m p e r a t u r e  t o o  f a s t  t o  b e  c o m p e n s a t e d  by h e a t  
losses, t h e  RF h e a t  i n p u t  i n c r e a s e s  c a t a s t r o p h i c a l l y  t o  a limit imposed 
by some o t h e r  phenomenon,  such as  intr insic  breakdown or a change  in  
p h a s e   o f   t h e   m a t e r i a l - - e . g . ,   m e l t i n g .   T h i s - c o m p e t i t i o n   c a n   b e   i l l u s -  
t r a t e d  c o n c e p t u a l l y  by F i g u r e  7. F i r s t  w e  c o n s i d e r   t h e   t e m p e r a t u r e   o f  
t h e  m a t e r i a l  w i t h o u t  e l e c t r i c a l  h e a t i n g  t o  b e  i n  e q u i l i b r i u m  a t  T 
The h e a t  f l o w  o u t  o f  t h e  m a t e r i a l ,  Will inc rease  approx ima te ly  
1' 
&O , 
l i n e a r l y  w i t h  t e m p e r a t u r e  
i n   t e m p e r a t u r e .   F i g u r e  7 
when e l e c t r i c a l  h e a t i n g  c a u s e s  
a l s o  shows t h e  h e a t  i n p u t ,  Qi ,  
a n  i n c r e a s e  




FIGURE 7 QUALITATIVE  ILLUSTRATION OF THERMAL  BREAKDOWN  IN SOLIDS 
e l e c t r i c a l  h e a t i n g  a t  two d i f f e r e n t  l e v e l s  o f  a p p l i e d  e l e c t r i c a l  
power,  Consider f i r s t   t h e   l o w e r   l e v e l ,  . A. s u d d e n   a p p l i c a t i o n   o f  
t h e  e l e c t r i c a l  power w i l l  c a u s e  a n  i n c r e a s e  i n  t e m p e r a t u r e ,  c a u s i n g  
bo th  Q and Q t o   i n c r e a s e   f r o m   t h e i r   v a l u e s   a t  T . T h i s   i n c r e a s e  
will c o n t i n u e  u n t i l  Q = Q i ,  g i v i n g  a new e q u i l i b r i u m  t e m p e r a t u r e  a t  
T w h e r e   t h e   c u r v e s   i n t e r s e c t .   T h i s   t h e n  i s  t h e   t e m p e r a t u r e   t h a t  re- 








hea t ing .   The re  is  no  breakdown i n   t h i s   c a s e .  Now c o n s i d e r  some 
h i g h e r   l e v e l   o f   a p p l i e d   e l e c t r i c a l   p o w e r ,   g i v i n g  a h i g h e r   i n p u t  Q . 
A p p l i c a t i o n  o f  t h i s  l e v e l  c a u s e s  Q t o   v a r y   a l o n g   t h e   s a m e   c u r v e   a s  
0 
b e f o r e .  However, i n   t h i s   c a s e ,  Q c a n   n e v e r   g e t   a s   l a r g e   a s  Q , and 
n o   s t a b l e   e q u i l i b r i u m   t e m p e r a t u r e  i s  r e a c h e d   i n   t h i s  case. Breakdown 
I I  
i 
I f  
0 i 
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w o u l d  o c c u r  i n  t h i s  case a s  t h e  t e m p e r a t u r e  i n c r e a s e d  t o  t h e  p o i n t  
w h e r e  e i t h e r  i n t r i n s i c  t h r e s h o l d s  a r e  l o w e r e d  t o  t h e  a p p l i e d  f i e l d  
l e v e l s ,  some c h a n g e  o f  s t a t e  o c c u r s  i n  t h e  m a t e r i a l ,  o r  t h e  s u p p l y  o f  
e l e c t r i c a l  power  becomes l i m i t e d  by  some  phenomenon n o t  i n c l u d e d  i n  
t h e  a n a l y t i c a l  m o d e l .  T h e  t h e r m a l  b r e a k d o w n  t h r e s h o l d  f i e l d  l e v e l  is 
t h e  l e v e l  t h a t  would g i v e  a curve  (between Q and Q ) j u s t   t a n g e n t  
I I /  
i i 
to Qo* 
F i g u r e  7 a l s o  d e m o n s t r a t e s  t h a t  t h e  f i e l d  t h r e s h o l d s  a r e  
reduced by a n  i n c r e a s e  i n  t h e  ( n o n e l e c t r i c a l )  e q u i l i b r i u m  t e m p e r a t u r e  
o f   t h e   m a t e r i a l .   F o r   e x a m p l e ,   t h e   d o t t e d   l i n e   r e p r e s e n t s   t h e  Q f o r  
some i n s t a l l a t i o n  w i t h  a t empera tu re  T i n  t h e  a b s e n c e  o f  e l e c t r i c a l  
h e a t i n g ,   w i t h  T > T . I t  can be s e e n   t h a t   e v e n   t h e   l o w e r   e l e c t r i c a l  
power l e v e l  c o r r e s p o n d i n g  t o  Q' i s  above  the  th re sho ld  s ince  t h e  c u r v e s  





I t  i s  seen  f rom Figure  7 t h a t  f o r  a m a t e r i a l  t o  b r e a k  down 
i t  is n e c e s s a r y  t h a t  i t s  l o s s  t a n g e n t  v a r y  w i t h  t e m p e r a t u r e  i n  s u c h  a 
way t h a t  Q and Q d o   n o t   i n t e r s e c t ;   t h i s   t y p e   o f   v a r i a t i o n  may no t  
o c c u r  i n  some m a t e r i a l s  i n  some a p p l i c a t i o n s ,  r e g a r d l e s s  o f  t h e  e l e c t r i -  
c a l  power l e v e l .  Q u a n t i t a t i v e l y ,  when t h e   b o u n d a r y   c o n d i t i o n s   a r e   g i v e n  
and t h e  e l e c t r i c a l  p r o p e r t i e s  a r e  known as  a f u n c t i o n  o f  t e m p e r a t u r e ,  
t he  th re sho lds  fo r  b reakdown can  be eva lua ted  by s o l v i n g  two coupled 
d i f f e r e n t i a l   e q u a t i o n s   ( w h i c h   e x p r e s s   c o n t i n u i t y   o f   t h e r m a l   e n e r g y  
and e l e c t r i c a l   e n e r g y ) .  One i n t e r e s t i n g   g e n e r a l   r e s u l t   o f   t h i s   t h e o r y  
i s  t h a t  t h e  breakdown f i e l d  v a r i e s  i n v e r s e l y  a s  t h e  s q u a r e  r o o t  o f  t h e  
e l e c t r i c a l   c o n d u c t i v i t y .   T h u s ,   f o r   i n s t a n c e ,   i f   t h e   t h r e s h o l d  is 
measured a t  o n e  t e m p e r a t u r e ,  a n d  t h e  c o n d u c t i v i t y  is known a s  a 
f u n c t i o n  o f  t e m p e r a t u r e ,  t h e n  t h e  t h r e s h o l d  a t  a l l  t e m p e r a t u r e s  c a n  b e  
p r e d i c t e d .  It i s  n o t   u n u s u a l   f o r  RF m a t e r i a l s  t h a t  a r e  q u i t e  t r a n s -  
p a r e n t  a t  room t e m p e r a t u r e  t o  i n c r e a s e  c o n d u c t i v i t y  by two orders of  
m a g n i t u d e   a t  2500OF. Thus the   thermal   b reakdown  threshold  is a f a c t o r  




D e t e r m i n a t i o n  o f  t h e  a b s o l u t e  t h r e s h o l d s  w o u l d  a p p e a r  t o  be 
more e a s i l y  m e a s u r e d  i n  many c a s e s ,  by  mockup  and s i m u l a t i o n ,  t h a n  by 
t h e o r e t i c a l   p r e d i c t i o n .  This is e s p e c i a l l y   t r u e   f o r   s p e c i a l   t y p e s   o f  
ma te r i a l s  such  a s  s andwich  cons t ruc t ion  and  fo rms  wi th  l a r g e  v o i d s .  
I n  t h i s  c a s e ,  a l o s s  t a n g e n t  may be  measured  on a b u l k  b a s i s  ( a v e r a g e d  
o v e r  t h e  e n t i r e  v o l u m e ,  i n c l u d i n g  v o i d s ) ,  b u t  t h e  RF h e a t  would be 
a b s o r b e d   o n l y   i n   r e i a t i v e l y   t h i n   w a l l s .   U n l e s s  t h i s  h e a t  i s  well 
d i s s i p a t e d  o v e r  t he  vo lume ,  and  conduc ted  to  su r round ings ,  f a i lu re  
i n .  t h e  w a l l  c o u l d  r e s u l t .  
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I V  LABORATORY PROGRAM  RESULTS 
A. D e s c r i p t i o n  of Techniques 
1. O v e r a l l   C o n f i g u r a t i o n   C o n s i d e r a t i o n s  - _ ~ .  . - . . . . .~ 
One o f  t h e  prime o b j e c t i v e s  o f  t h i s  program was t o  deve lop  
t e c h n i q u e s  f o r  t e s t i n g  of m a t e r i a l s  to de te rmine  the i r  e f f e c t  o n  the 
power-handl ing   capabi l i ty   o f  the RF/TPS s y s t e m s   i n t e r f a c e .  Thus t h e  
f o l l o w i n g  somewhat d e t a i l e d  d e s c r i p t i o n s  are g i v e n  -to serve a s  a g u i d e  
for NASA and/or  i t s  c o n t r a c t o r s  i n  m a k i n g  s i m i l a r  tests. 
I t  i s  n e c e s s a r y  t h a t  some o f  these t echn iques  be  s imul t aneous ly  
a p p l i e d  d u r i n g  a tes t - - for  example ,  the  sample  must  be hea ted  by t h e  
carbon-arc  image furnace ,   and  the  t e m p e r a t u r e  m o n i t o r e d ,  a t  the  same 
time t h a t  a n y   o f   s e v e r a l   o t h e r  tests a re   pe r fo rmed ,   Th i s   r equ i r emen t  
posed some problems i n  c o n f i g u r a t i o n  d e s i g n  s i n c e  they must be mutua l ly  
compat ib le .  
The fou r  p r imary  r equ i r emen t s  o f  t h e  c o n f i g u r a t i o n  were: 
(1) I t  must be hea ted .  
(2) The temperature   must  be  moni tored .  
(3) I t  must  make t h e  s a m p l e   a c c e s s i b l e   t o   t r a n s m i s s i o n  
of an RF wave. 
(4) I t  must be i n  a l o w - p r e s s u r e   v e s s e l ,   a n d ,   f o r  
some tests, have an atmosphere on one side and 
low-pressure on the o t h e r  side. 
I t  w a s  d e c i d e d  e a r l y  i n  t h e  program t h a t  h e a t i n g  by a 
r emote  op t i ca l  sou rce  wou ld  be a t t e m p t e d ,  f o r  t he  fo l lowing  r easons :  
(1) I t  is remote enough t o  be o u t  o f  the pr imary 
r a d i a t i o n  r e g i o n .  
(2) I t  p r o v i d e s  a t e m p e r a t u r e   p r o f i l e  similar 
t o  aerodynamic heat ing.  
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(3) Available s o u r c e s  c o u l d  h e a t  s i z a b l e  d a r k  
samples  to tempera tures  a round 2500OF ( s m a l l e r  
samples  to h igher  tempera tures  by  added  focus ing) .  
(4) The t r a n s m i s s i o n  tests c o u l d  b e  made wi th  t h e  
h e a t  s o u r c e  o n .  
The  b igges t  d i sadvantage  is t h e  r e q u i r e m e n t  o f  a s u r f a c e  o p t i c a l l y  
absorbing enough to r each  maximum tempera tu res  of i n t e r e s t ,  b u t  i t  was 
f e l t  t h a t  t h i s  c o u l d  be overcome.   Sect ion IV-B d e s c r i b e s  t h i s  f a c i l i t y  
f u r t h e r .  
S e v e r a l  c o n f i g u r a t i o n s  were tried, e i t h e r  o n  p a p e r  or  i n  
p r o t o t y p e ,  One t h a t  waa u s e d  f o r  a time employed a r e l a t i v e l y  l a r g e  
s l a b  of t h e  s a m p l e  m a t e r i a l  s u p p o r t e d  by a c o l l a r  o v e r  a n  o p e n - e n d  
waveguide. I t  was e v e n t u a l l y   c o n c l u d e d   t h a t   t h i s  was not  an  optimum 
c o n f i g u r a t i o n  f o r  some of t h e  a n t i c i p a t e d  tests because  of  i t s  p e c u l i a r  
r a d i a t i o n  p a t t e r n  a n d  b e c a u s e  the foam samples  would  not  be  s t rong  
enough to   w i ths t and   one   a tmosphe re  of p r e s s u r e  across them. (As i t  
t u r n e d  o u t ,  the  s m a l l e r  s a m p l e s  i n  e v e n t u a l  test c o n f i g u r a t i o n  d i d  n o t  
w i ths t and  the 15 p s i  ei ther.)  A " s t a n d a r d "   c o n f i g u r a t i o n  was e v e n t u a l l y  
reached;  i t  i s  shown i n  F i g u r e  8 .  The s t a i n l e s s - s t e e l  h o r n  o p e n s  t o  
0 . 9  i n c h  i n  t h e  E-plane t o  g i v e  a squa re  0 .9 -by-0 .9  inch  ape r tu re  
capped by the s t a i n l e s s - s t e e l   s a m p l e - h o l d e r   a n d  the  round  sample. The 
sample  d iameter  is 1.4 i n c h ,  s l i g h t l y  g r e a t e r  t h a n  t h e  a p e r t u r e  d i a g o n a l .  
The p r e s s u r e  s e a l  was accomplished by cementing the s a m p l e  i n  t he  h o l d e r  
u s ing  Saue re i sen  h igh - t empera tu re  ce ramic  cemen t ,  and  by t h e  u s e  of 
s i l v e r - p l a t e d  m e t a l  V - s e a l s  between t h e  s a m p l e  ho lder  and the horn 
f l ange .   H igh- t empera tu re   e l a s tomer   s ea l s  were u s e d  i n  t h e  c o o l e r  
j o i n t s  b e h i n d  t h e  h o r n .  
The temperature measurements were made e i t h e r  by themo- 
couples  imbedded near  the  sur faces  of  the s a m p l e  o r  by a n  i n f r a r e d  
pyrometer.  The pyrometer was used t o  m o n i t o r  o n l y  t h e  i r r a d i a t e d  
28 
TA-8677-26 
FIGURE 8 STANDARD TEST CONFIGURATION 
s u r f a c e  ( t h e  more d i f f i c u l t  p r o b l e m ) ,  a l t h o u g h  i t  was f e a s i b l e  t o  
work  an o p t i c a l  p a t h  f r o m  t h e  c o o l e r  s i d e  t h r o u g h  t h e  w a v e g u i d e  s y s t e m  
and o u t  an a p e r t u r e  t o  t h e  I R  d e t e c t o r .   T h e s e   t e c h n i q u e s   a r e   d e t a i l e d  
i n  S e c t i o n  IV-3. 
A quadrupole  mass  spec t rometer  was u s e d  t o  m o n i t o r  o u t g a s s e d  
p r o d u c t s   f r o m   t h e   h e a t e d   m a t e r i a l s .  I t s  i n t a k e  was a r ranged   th rough 
two d i f f e r e n t   r o u t e s .   I n   t h e   e a r l i e r   a r r a n g e m e n t ,  a q u a r t e r - i n c h  
s t a i n l e s s - s t e e l  t u b e  was used  wi th  i t s  i n t a k e  n e a r  t h e  i r r a d i a t e d  s i d e  
o f   t h e   s a m p l e .   I n   t h e  l a t e r  arrangement ,   which was an  improvement i n  
terms o f  a l l o w i n g  f e w e r  c o l l i s i o n s  w i t h  w a l l s  o f  t h e  c h a n n e l ,  t h e  
w a v e g u i d e  i t s e l f  was u s e d  t o  b r i n g  t h e  g a s  f r o m  t h e  b a c k  s i d e  o f  t h e  
s a m p l e  t o  a magic-.T junc t ion  f rom where  the  gas was pumped t h r o u g h  t h e  
I? v e r t i c a l "  arm i n t o  t h e  mass spec t romete r .   The   ea r l i e r   a r r angemen t  
i s  shown i n  F i g u r e  9 ( a )  and (b) . 
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FIGURE 9 MASS SPECTROMETER INSTALLATION 
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Most of the tests were r u n  i n s i d e  t h e  test  s e c t i o n  o f  t h e  
SRI 12-inch  diameter  shock  tube.   The  tube was u s e d  b o t h  t o  s e r v e  
a s  a p r e s s u r e  v e s s e l  a n d  t o  f u r n i s h  a plasma over  the samples  where 
breakdown a t  t h e  p l a s m a / s a m p l e  i n t e r f a c e  was i n v e s t i g a t e d .  The  shock 
tube  is desc r ibed  e l sewhere .  
1 0  
Microwave pick-up horns were used  in  both  the  E-p lane  and  
H - p l a n e   o f   t h e   t r a n s m i t t i n g   ( s a m p l e c o v e r e d )   h o r n .  They were a t  a 45O 
a n g l e  w i t h  t h e  c e n t e r  l i n e  ( s u c h  a s  t o  b e  o u t  o f  t h e  f o c u s e d  beam of 
the .   carbon  a rc )   and   69   inches   f rom  the   sample .   Three   d i f fe ren t  X-band 
s i g n a l  s o u r c e s  were used.  The  microwave s y s t e m  and   t echn iques   a r e  
d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  IV-4. 
2 .  Carbon-Arc  Image  Furnace - 
The carbon-arc  image furnace used for  these measurements  was 
a St rong  Model 54007-1 arc lamp using 13.6-mm p o s i t i v e  and 12.5-mm 
n e g a t i v e   e l e c t r o d e s .  The v o l t a g e   t o   t h e   e l e c t r o d e s  was 70 Vdc a t  
150 amps. This   gave a p o s i t i v e   c a r b o n   f e e d   r a t e   o f  22 in /h r .  The 
f u r n a c e  c o n t a i n s  an e l l i p t i c a l - m i r r o r  i m a g i n g  sys t em.  
Most  of t h e  e n e r g y  u s e d  t o  h e a t  t h e  s p e c i m e n s  i n  t h e s e  
experiments  is r a d i a t e d  by  an i n c a n d e s c e n t  b a l l  o f  c a r b o n  g a s  a t  t h e  
t i p  o f  t h e  p o s i t i v e  c a r b o n .  A f u r t h e r  s m a l l  amount of energy comes 
f r o m   t h e   t a i l   f l a m e  and   f rom  the   hea t ed   ca rbon   suppor t   s tu rc tu re s .  The 
t i p  o f  t h e  p o s i t i v e  c a r b o n  is l o c a t e d  a t  t h e  s h o r t  f o c a l  p o i n t  o f  t h e  
e l l i p t i c a l  m i r r o r  ( 1 5 . 6  c m  f r o m  t h e  s u r f a c e  o f  t h e  m i r r o r ) ,  and t h e  
specimen i s  p o s i t i o n e d  to t h e  l o n g  f o c a l  p o i n t  (58.5 cm f rom the  
s u r f a c e  o f  t h e  mirror), 
The t o t a l  amount o f  ene rgy  r ad ia t ed  by t h e  i n c a n d e s c e n t  b a l l  
of  carbon gas  is  a f u n c t i o n  of t h e  s ize  o f  t h e  b a l l ,  i ts  emi t t ance ,  
i t s  t empera tu re ,  and i ts  s t a b i l i t y  o f  p o s i t i o n  w i t h i n  t h e  p r i m a r y  f o c u s  
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FIGURE 10 SPECTRAL IRRADIANCE OF  A CORED  CARBON  ARC  SOURCE 
of t h e  mirror. The s p e c t r a l   i r r a d i a n c e   o f   t h e   i m a g e   f u r n a c e  is  
s i m i l a r  t o  t h e  s p e c t r a l  e n e r g y  d i s t r i b u t i o n  f r o m  t h e  s u n ,  F i g u r e  10 
shows t h e  c a r b o n   a r c   s p e c t r a l   d i s t r i b u t i o n .  Note t h a t   t h e   s p e c t r u m  
i s  t e r m i n a t e d  a t  2 . 5  m i c r o n s  s i n c e  most o f  t he  emi t t ed  ene rgy  i s  con- 
t a i n e d   a t   s h o r t e r   w a v e l e n g t h s .  The   t empera tu re   o f   t he   i ncandescen t  
ba l l   o f   carbon  gas   has   been   measured  t o  be about  5800'K. T h i s  s o u r c e  
produces a b l ackbody  d i s t r ibu t ion  where  ove r  95 p e r c e n t  o f  t h e  r a d i a -  
t i v e  e n e r g y  i s  emit ted  below 2.5 microns .   This   spec t rum  does   no t   t ake  
i n t o  a c c o u n t  t h e  e m i t t e d  e n e r g y  t h a t  comes from hot  components  of  the 
f u r n a c e  o t h e r  t h a n  t h e  a r c  t i p .  
11 
F i g u r e  11 is a ske tch  showing  the  geomet ry  o f  t he  the rma l  
imaging   sys tem,   Pos i t ion  1 i n d i c a t e s  t h e  f i r s t  f o c u s  o f  t h e  e l l i p t i c a l  
m i r r o r   w h e r e   t h e   c a r D o n   e l e c t r o d e s   a r e   l o c a t e d .   P o s i t i o n  2 i n d i c a t e s  
t h e  s e c o n d  f o c u s  w h e r e  t h e  i m a g e  o f  t h e  e l e c t r o d e s  is d i r e c t e d  t o  t h e  
specimen t o   b e   h e a t e d .  The a v e r a g e   i r r a d i a n c e   ( o p t i c a l   r a d i a n t   i n t e n s i t y )  
o f  t h e  s o u r c e  a t  t h e  i m a g e  p l a n e  was measured t o  b e  14.3 c a l  cm sec 
a t  t h e  p o i n t  o f  maximum i n t e n s i t y .  T h e  r a d i a n t  i n t e n s i t y  a c r o s s  t h e  
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FIGURE 11  SCHEMATIC  PRESENTATION  OF APPARATUS  FOR MEASUREMENTS IN SHOCK TUBE 
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e l e c t r o d e s  f e e d  t o w a r d  o n e  a n o t h e r  a s  t h e y  a r e  consumed d u r i n g  
o p e r a t i o n ;  a l s o ,  t h e  p o s i t i v e  e l e c t r o d e  r o t a t e s  so t h a t  t h e  c r a t e r i n g  
a c t i o n  r e s u l t i n g  f r o m  t h e  a r c  is un i fo rm.   These   mo t ions   r e su l t   i n  a 
c y c l i c   i r r a d i a n c e   l e v e l   t h a t   v a r i e s   b y  no  more  than 10 percent   f rom 
t h e   a v e r a g e   i r r a d i a n c e .  The d i s t r i b u t i o n   o f   a v e r a g e   i r r a d i a n c e  
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FIGURE 12 DISTRIBUTION OF RADIANT  ENERGY  AT  FRONT  OF SAMPLE 
t h e  i r r a d i a n c e  t h a t  w a s  r ece ived  th rough  t h e  q u a r t z  window of the 
measurement  chamber. The dimensions of the  waveguide  opening of the  
34 
spec imen  ho lde r  a re  supe r imposed  t o  show t h e  a v e r a g e  e n e r g y  d i s t r i b u t i o n  
o v e r  t h e  a r e a  o f  i n t e r e s t .  I f  t h e  s u r f a c e  o f  t h e  s p e c i m e n  h a d  a n  
a b s o r p t i v i t y  o f  CY = 1.0 ( i .  e. , i f  i t  a b s o r b e d  a l l  t h e  t h e r m a l  e n e r g y  
impinging  on  the  sur f  ace) ,  and  i f   t h e r e  w e r e  no  conduct ion  or convect ion  
losses, t h e  maximum temperature  achieved by the specimen would be 
2800OF. Any v a r i a t i o n s  i n  t h e ' p o w e r  t o  the   image   fu rnace   wou ld   s e rve  
t o  change  the  a t t a inab le  t empera tu re  o f  t he  spec imen .  
Most o f  t h e  m a t e r i a l s  t h a t  h a v e  b e e n  p r o p o s e d  f o r  u s e  a s  
high-temperature  microwave antenna window m a t e r i a l s  a n d  f o r  t h e  TPS 
a r e  d i e l ec t r i c s ,  e i t h e r  i n  t h e  f o r m  o f  l o w - d e n s i t y  c e r a m i c  f o a m s  or 
h i g h - d e n s i t y   c e r a m i c   c o m p o s i t e s .   D u r i n g   t h e   i n i t i a l   p h a s e s  of t h e  
p r o j e c t  there were no experimental  window m a t e r i a l s  a v a i l a b l e  t o  us 
f o r   t e s t i n g   p u r p o s e s .   T h e r e f o r e ,  i t  was n e c e s s a r y   t o   s e l e c t  an e a s i l y  
ob ta inab le   ce ramic   ana log   fo r   ou r   h igh - t empera tu re  tests. The   mater ia l  
w e  selected was  Lava 1136 ( L a v i t e  ). Microwave  transmission  measure- 
ments of c u r e d "   L a v i t e   i n d i c a t e d   t h a t  i t  had  low l o s s e s  a t  room 
* 
1 1  
t empera tures .  
The o p t i c a l  p r o p e r t i e s  o f  most c e r a m i c s  a r e  s i m i l a r  i n  t h a t  
t h e y   g e n e r a l l y   r e f l e c t   a n d   t r a n s m i t   v i s i b l e   r a d i a t i o n .   L a v i t e  and t h e  
proposed  antenna window m a t e r i a l s   h a v e   t h e s e   p r o p e r t i e s .  To e f f i c i e n t l y  
h e a t  them by t h e r m a l  r a d i a t i o n ,  i t  i s  necessary  to  p r o v i d e  t h e  m a t e r i a l  
w i t h   a n   o p t i c a l l y   a b s o r b i n g   s u r f a c e   l a y e r .   S e - l e r a l   h i g h - t e m p e r a t u r e  
p a i n t s  were tested f o r   t h i s   p u r p o s e .  The t e s t i n g   t e c h n i q u e  was t o  
a p p l y  a n d  c u r e  t h e  p a i n t ,  a c c o r d i n g  t o  m a n u f a c t u r e r s '  s p e c i f i c a t i o n s ,  
on a L a v i t e  s p e c i m e n  a n d  t h e n  p l a c e  t h e  p a i n t e d  s p e c i m e n  i n  a high- 
t empera tu re   oven   a t  2000OF. I n i t i a l l y ,  w e  found   on ly   one   pa in t   t ha t  
s u r v i v e d   t h i s   t r e a t m e n t .   T h i s  was the   Cur t i ss -Wright   Detec to temp  h igh-  
* 
American Lava Corporation, 3M Company. 
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t e m p e r a t u r e - i n d i c a t o r  p a i n t .  T h e  c u r e d  c o l o r  . o f  t h e  p a i n t  was a da rk  
green, w h i c h  a p p e a r e d  s i g n i f i c a n t l y  d a r k e r  t h a n  t h e  u n c o a t e d  L a v i t e  
s u r f a c e .   L a t e r ,   d u r i n g   t h e   c o u r s e   o f   t h e   p r o j e c t ,  a d i f f e r e n t   h i g h -  
t e m p e r a t u r e  p a i n t  came t o  o u r  a t t e n t i o n  w h i c h ,  upon t e s t i n g ,  p r o v e d  t o  
h a v e  o p t i c a l  p r o p e r t i e s  s u p e r i o r  t o  t h o s e  o f  t h e  C u r t i s s - W r i g h t  p a i n t .  
T h i s  p a i n t  (VHT, F lameproof  Coa t ing )  appea red  to  have  the  p rope r t i e s  
of a b l a c k b o d y  t h r o u g h o u t  t h e  s p e c t r a l  r e g i o n  o f  i n t e r e s t ,  a n d  was 
u s e d  f o r  a l l  s u b s e q u e n t  tests where  coa t ings  were employed, 
I t  w i l l  b e  s e e n  b e l o w  t h a t  t h e  maximum f r o n t - f a c e  t e m p e r a t u r e s  
of   the  coded  samples  were around 2400OF. Temperatures   reached by t h e  
var ious  mater ia l s  wi thout  coa t ings  averaged  f rom about  2000°F (boron  
n i t r i d e )  t o  230O0F ( L a v i t e ) .  ( I t  was a l s o   l e a r n e d   t h a t   t h e   p r e s e n c e  
of a i r   a t  a p r e s s u r e  o f  1 atmosphere  reduced  the  maximum tempera tu re  
by less than 50°F compared with a vacuum.) 
3.  Temperature  M asurement 
a.  Thermocouples 
The tempera ture  measurements  of  the  h igh-dens i ty  
specimens were made wi th   thermocouples .  The t empera tu re   o f   bo th   f ron t  
( t h e  s u r f a c e  e x p o s e d  t o  r a d i a t i o n  f r o m  t h e  i m a g e  f u r n a c e )  a n d  b a c k  
( t h e  s u r f a c e  i n  c o n t a c t  w i t h  t h e  w a v e g u i d e )  s u r f a c e s  were o f  i n t e r e s t .  
The  thermocouples were i n s t a l l e d  i n  t h e  s a m p l e  by i n s e r t i n g  them i n  
s h a l l o w  s l o t s  t h a t  h a d  b e e n  c u t  i n t o  t h e  s u r f a c e  p r i o r  t o  c u r i n g  
and   pa in t ing .  The thermocouples  were s e c u r e d  i n  t h e  s l o t s  by cove r ing  
them wi th   Sauere isen   cement .  Due t o  t h e  d i f f e r e n c e  i n  t empera tu re  
th rough  the  th i ckness  o f  t he  spec imen ,  five-mil-platinum-vs.-platinum- 
10-percent-rhodium thermocouples were u s e d  o n  t h e  f r o n t  s u r f a c e ,  w h i l e  
0.010 inch-chromel-vs.-alumel thermocouples were u s e d  a t  t h e  b a c k  
s u r f a c e .  T h e  l a t t e r  t y p e  was r e f e r e n c e d  t o  a n  i c e - b a t h  c o l d  j u n c t i o n .  
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The thermocouple  s igna ls  were reco rded  wi th  a pho to -osc i l l og raph  
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FIGURE 13 THERMOCOUPLE  CIRCUITRY  AND  RECORDING SYSTEM 
by impress ing  known s t e p - f u n c t i o n  m i l l i v o l t  s i g n a l s  i n  series w i t h  t h e  
c i r c u i t .  The h i g h e s t   e q u i l i b r i u m   t e m p e r a t u r e s   t h a t   t h e   L a v i t e   s p e c i m e n s  
ach ieved  unde r  image  fu rnace  i r r ad ia t ion  were 2400'F f. lOO'F a t  t h e  
f r o n t  s u r f a c e  a n d  lOOO'F & 1 0 0 D F   a t   t h e   b a c k   s u r f a c e .  The  thermodouple 
l eads  f rom the  back  su r face  were run  th rough  sma l l  ho le s  in  the  sample  
o u t   t h e   f r o n t   s u r f a c e ,   h e n c e   t o   t h e   e x t e r n a l   i n s t r u m e n t a t i o n .  The 
thermocouple wires were o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  e l e c t r i c  f i e l d  




b .   In f r a red   Py romete r  
Thermocouples  provide the most e f f i c i e n t  a n d  a c c u r a t e  
measurements   of   temperature  i n  opaque ,   h igh -dens i ty   ma te r i a l s .   I n  
low-dens i ty  foams ,  t he rmocoup le  t echn iques  a re  no t  f eas ib l e  due  to  the  
d i f f i c u l t y  o f  e n s u r i n g  i n t i m a t e  t h e r m a l  c o n t a c t  b e t w e e n  t h e  foam  and 
the   t he rmocoup le   j unc t ion .  We therefore   embarked   on  a series of  ex- 
pe r imen t s  t o  deve lop  a the rma l  r ad ia t ion  py romete r  t ha t  wou ld  g ive  us  
s u r f a c e   t e m p e r a t u r e   d u r i n g   h e a t i n g   w i t h   t h e   i m a g e   f u r n a c e .   T h e   r e a s o n  
fo r  u s i n g  t h i s  i n s t r u m e n t  i s  t o  select  a s a m p l i n g  w a v e l e n g t h  f o r  t h e  
py romete r  t ha t  is r e m o t e  f r o m  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  
i r r a d i a n c e   f r o m   t h e   i m a g e   f u r n a c e .   N i n e t y - s i x   p e r c e n t   o f   t h e   i r r a d i a t e d  
e n e r g y  f r o m  t h e  r e a c t i n g  r e g i o n  b e t w e e n  t h e  e l e c t r o d e s  o f  t h e  i m a g e  
f u r n a c e   f a l l s   a t   w a v e l e n g t h s   s h o r t e r   t h a n  2.5 microns.  However, we 
f o u n d  t h a t  a s i g n i f i c a n t  component  of  thermal  energy was e m i t t e d  
a t   w a v e l e n g t h s   l o n g e r   t h a n  2 . 5  microns.  I t  i s  assumed t h a t   t h i s   e n e r g y  
r e s u l t s   f r o m   h o t   c a r b o n   s u p p o r t   s t r u c t u r e s   w i t h i n   t h e   f u r n a c e ,  By 
p l a c i n g  a P l e x i g l a s  window b e t w e e n  t h e  f u r n a c e  a n d  t h e  q u a r t z  window of 
the  measurement  chamber, i t  is  p o s s i b l e  t o  f i l t e r  o u t  a l l  s p u r i o u s  
r a d i a n t   e n e r g y   l o n g e r   t h a n  2 . 8  microns.  We can   then  make s u r f a c e -  
tempera ture  measurements  of  the  spec imen wi th  the  thermal - rad ia t ion  
py romete r   i n   any   wave leng th   r eg ion   l onge r   t han  2.8 microns.  By t h i s  
technique  w e  avo id  de t ec t ing  any  o f  t he  image- fu rnace  r ad ia t ion  tha t  
w o u l d  b e  r e f l e c t e d  f r o m  t h e  s u r f a c e  o f  t h e  i r r a d i a t e d  s p e c i m e n  t o  t h e  
pyrometer.  
Figure 14(a)  shows an expanded view of  the pyrometer .  
The d e t e c t o r  is  a l i q u i d - n i t r o g e n - c o o l e d   l e a d   s u l f i d e  c e l l .  This  c e l l  
is  e n c a p s u l a t e d  i n  a n  i n s u l a t e d  e n c l o s u r e  b o t h  t o  r e d u c e  t h e  h e a t  
t r a n s f e r  t o  t h e  c e l l  and t o  p r o v i d e  a l i g h t - t i g h t   e n v i r o n m e n t .  A 3.41- 
micron  in t e r f e rence  f i l t e r  and  an  a luminum shu t t e r  a s sembly  a re  loca t ed  
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(b) CIRCUITRY AND RECORDING EQUIPMENT 
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i n  f r o n t  of the sens ing  e lement  of  the  cell .  A d i a g r a m  o f  t h e  d e t e c t i o n  
electronics and   record ing   sys tem is i n c l u d e d  i n  F i g u r e  1 4 ( b ) .  C a l i b r a t i o n  
and s t a b i l i t y  c h e c k s  of the pyrometer  were made by  focus ing  the  ene rgy  
from the opening of a h igh - t empera tu re  b l ackbody  fu rnace  on to  the  sens ing  
e l emen t  o f  t he  de t ec to r  u s ing  a f o l d e d  o p t i c a l  p a t h  t h a t  e m p l o y e d  a 
f r o n t - s u r f a c e d  p a r a b o l i c  mirror. Care was taken  t o  a l w a y s  e n s u r e  t h a t  
the sens ing  e lement  of  the l e a d  s u l f i d e  ce l l  was covered by the image of 
t h e  b l a c k b o d y - f u r n a c e  o r i f i c e ,  
A f t e r  the c a l i b r a t i o n  was accomplished, a c o a t e d  L a v i t e  
specimen  was  located a t  the p o s i t i o n  o f  the blackbody  furnace.  The beam 
from  a  100 W CO l a s e r  was d i r e c t e d  t o  the s u r f a c e  a r e a  of the  specimen 





FIGURE 15 PYROMETER  CALIBRATION SCHEME USING CO2 LASER 
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I- 
CO laser  emits r a d i a t i o n  a t  1 0 . 6  m i c r o n s  o n l y ,  w e  can  employ t h e  
i n f r a r e d  p y r o m e t e r  to d e t e r m i n e  t h e  a p p a r e n t  t e m p e r a t u r e  o f  t h e  s u r f a c e  
a t   3 .41   mic rons .   Wi th  a s t a n d a r d   h o t - w i r e   o p t i c a l   p y r o m e t e r ,  w e  can 
a l s o  m e a s u r e  t h e  a p p a r e n t  t e m p e r a t u r e  o f  t h e  s u r f a c e  a t  0 . 6 5  m i c r o n ,  
t h e   s t a n d a r d   w a v e l e n g t h   f o r  most commerc ia l   op t i ca l   py romete r s .  By 
compar ing  the  the rmocoup le  t empera tu re  to  the  appa ren t  su r f ace  t empera -  
t u r e s  s e n s e d  by t h e  p y r o m e t e r s ,  w e  were ab le  to d e t e r m i n e  t h e  s p e c t r a l  
emi t tance  of  coa ted  Lavi te  f rom 1200°F to  2600°F a t  h = 3.41 and 0.65 
m i c r o n s ,   r e s p e c t i v e l y ,   u s i n g  t h e  f o l l o w i n g  r e l a t i o n :  
2 
where 
A =  
€ =  x 





Spec t r a l  emi t t ance  a t  t he  measu remen t  wave leng th  
True  su r face  t empera tu re  ( the rmocoup le  de t e rmina t ion )  
Aparen t   su r f ace   t empera tu re   (py romete r   de t e rmina t ion )  
" 
hc P l a n c k ' s   c o n s t a n t  x v e l o c i t y  of l i g h t  
k Bol tzmann ' s   c ns tan t  
- ~~ ~ = 1 . 4 4  c m ° K .  
F i g u r e  1 6  s h o w s  t h e  s p e c t r a l  e m i t t a n c e  v s .  t e m p e r a t u r e  
f o r  c o a t e d  L a v i t e .  S i m i l a r  m e a s u r e m e n t s  w i t h  u n c o a t e d  L a v i t e  showed 
t h a t  i t s  s p e c t r a l  e m i t t a n c e  a t  3 .41 and 0.65 microns was,  within 
e x p e r i m e n t a l   a c c u r a c y ,   t h e  same a s   t h a t   o f   t h e   c o a t e d   L a v i t e .   A p p l i -  
c a t i o n  o f  t h e  VHT f l a m e p r o o f  c o a t i n g  t o  a Lavi te  spec imen r e s u l t e d  i n  
op t i ca l  py romete r  and  the rmocoup le  t empera tu re  r ead ings  tha t  ag reed  
t o  w i t h i n  -t- 50°F f o r  e x p o s u r e s  t o  l a se r  r a d i a t i o n .   T h i s  shows t h a t  
w i t h i n  t h e  e x p e r i m e n t a l  a c c u r a c y  o f  t h e  s y s t e m  t h e  VHT c o a t i n g  p r o v i d e s  
e s s e n t i a l l y  a b l a c k  s u r f a c e  t o  the m a t e r i a l  i t  coats t h r o u g h  t h e  
tempera ture  range  of i n t e r e s t .  
4 1  
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FIGURE 16 SPECTRAL EMITTANCE  DATA FOR CALIBRATION 
The aim of t h e  a b o v e  c a l i b r a t i o n  p r o c e d u r e  was t o  
a b s o l u t e l y  c a l i b r a t e  t h e  i n f r a r e d  p y r o m e t e r  so t h a t  i t  cou ld  be used 
i n  c o n j u n c t i o n  w i t h  t h e  image furnace during microwave t ransmission 
measurements .   The  parabol ic   mirror   used  during t h e  c a l i b r a t i o n  p r o -  
cedures  was i d e a l l y   s u i t e d   f o r   t h a t   p u r p o s e .  However, a f t e r  t h e  a p p a r a t u s  
was t r a n s f e r r e d  t o  t he  microwave f a c i l i t y ,  w e  found  tha t  t h e  only  
o p t i c a l  c o n f i g u r a t i o n  t h a t  would  allow t h e  pyrometer  an  unobs t ruc ted  
view of t h e  specimen was incompa t ib l e  wi th  t h e  i m a g i n g  p r o p e r t i e s  o f  t h e  
m i r r o r .  The c o m m e r c i a l   a v a i l a b i l i t y   o f   p a r a b o l a s   t h a t   c o u l d  be used  
i n  p l a c e  of t h e  e x i s t i n g  m i r r o r  was tested and  found want ing ,  s ince  i t  
would t ake   rough ly   t h ree   mon ths   t o   pu rchase  a r ep lacemen t .   The re fo re ,  
i t  was d e c i d e d  t o  make  a r e l a t i v e  c a l i b r a t i o n  of t h e  p y r o m e t e r  a t  t h e  
microwave f a c i l i t y  o v e r  t he  o n l y  f e a s i b l e  o p t i c a l  p a t h .  A L a v i t e  
specimen instrumented wi th  thermocouples  was p a i n t e d  w i t h  the VHT flame- 
p roof  coa t ing ,  which provided  the spec imen wi th  an  emi t tance  of  near  
u n i t y .  This  specimen was mounted i n  the microwave  antenna  and was 
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exposed t o  s e l e c t e d  l e v e l s  of t h e r m a l  i r r a d i a n c e  u n t i l  e q u i l i b r i u m  con- 
d i t i o n s  were o b t a i n e d   a t   e a c h   l e v e l .   B o t h   t h e   t h e r m o c o u p l e   t e m p e r a t u r e  
and t h e  s i g n a l  f r o m  t h e  i n f r a r e d  p y r o m e t e r  were r e c o r d e d  f o r  e a c h  
e q u i l i b r i u m  l e v e l .  When t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  s p e c i m e n  r e a c h e d  
about  1800°F, t h e  s p e c i m e n  c r a c k e d ,  t e r m i n a t i n g  t h e  c a l i b r a t i o n  a t  t h i s  
point .   Previous  measurements   with  an  unblackened  Lavi te   specimen  showed 
a n e a r - l i n e a r  i n c r e a s e  i n  t h e  p y r o m e t e r  s i g n a l  w i t h  t e m p e r a t u r e ,  so i t  
i s  assumed t h a t   t h e   b l a c k e n e d   s p e c i m e n   w o u l d   i n c r e a s e   s i m i l a r l y .  Next, 
an aluminum phosphate foam specimen was b l a c k e n e d  a n d  i n s t a l l e d  i n  p l a c e  
of  the  b lackened  Lavi te  spec imen,  and  was exposed to  t h e  s a m e  i r r a d i a n c e  
l e v e l s ,  a f t e r  w h i c h  a n  u n b l a c k e n e d  foam specimen was exposed to  t h e  
same   i r r ad iance   s chedu le .   Fo r   bo th   t hese   spec imens ,   t he   py romete r   s igna l  
v s .  a r b i t r a r y  e x p o s u r e  l e v e l  was recorded.  
F igure  17  summar ized  these  da ta  and  i s  comprised of two 
p l o t s .   F i g u r e   1 7 ( a )  shows t h e   t e m p e r a t u r e   v s .   p y r o m e t e r   s i g n a l   f o r  
b lackened   and   unblackened   Lavi te .   These   da ta  show t h a t  for t h e  same 
t e m p e r a t u r e  t h e  r a d i a n t  o u t p u t  o f  t h e  b l a c k e n e d  s u r f a c e  i s  about 10 per- 
c e n t   m o r e   e f f i c i e n t   t h a n   t h e   u n b l a c k e n e d   s u r f a c e .   ( T h i s  i s  expec ted ,  
s i n c e  t h e  e m i t t a n c e  o f  t h e  u n c o a t e d  L a v i t e  was previous ly  de te rmined  
t o  b e  0 . 7 ) .  T h e s e  d a t a  a l s o  g i v e  an i n d i c a t i o n   o f   w h a t   t h e   o u t p u t  of 
the  blackened  specimen  would  have  been i f  i t  had   no t   c racked .   F igure   17  
(b)  shows the  pyrometer  s igna ls  produced  by b lackened  Lavi te ,  b lackened  
foam,  and  unblackened foam v s .  a s e l e c t e d  t h e r m a l  i r r a d i a n c e  l e v e l .  
Here w e  see t h a t  t h e  b l a c k e n e d  foam and Lavi te  specimens have reasonably 
c o m p a r a b l e   o u t p u t s .   T h e   d i f f e r e n c e   i n   o u t p u t  i s  p robab ly   due   t o  
d i f f e r e n c e s  i n  t h e  s u r f a c e - s t r u c t u r e  g e o m e t r y  o f  t h e  two specimens-- 
i . e . ,  t h e  foam absorbs  and emits energy  throughout  i t s  volume,   while  
t h e  L a v i t e  e s s e n t i a l l y  a b s o r b s  a n d  emits e n e r g y  a t  i ts s u r f a c e .  
F i g u r e  18 compares  the  py romete r  s igna l  f rom the  b l ackened  
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(a1 PbS PYROMETER OUTPUT - V (b) TA-8677-19 
FIGURE 17 PbS PYROMETER SIGNAL  VOLTAGE  AGAINST (a)  TEMPERATURE FOR LAVITE SAMPLES AND 
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FIGURE 18 PbS PYROMETER  SIGNAL AS FUNCTION  OF  TEMPERATURE  OF  THREE SURFACES 
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f rom the  unblackened  Lavi te  and  b lackened  Lavi te  vs .  t empera ture .  
Here, t h e  p y r o m e t e r  s i g n a l  f r o m  t h e  b l a c k e n e d  foam specimen l ies 
between the output  f rom the  b lackened  and  unblackened  Lavi te  spec imens .  
T h e r e f o r e ,  w e  s h a l l  assume t h a t  t h e  s u r f a c e  t e m p e r a t u r e  of the  b l ackened  
foam i s  d e f i n e d  by t h e  p y r o m e t e r  o u t p u t  c u r v e  i n  F i g u r e  18 w i t h i n  
accuracy  limits o f  t 100°F. 
F i g u r e  11 shows how t h e  p y r o m e t e r  s i g n a l  was o p t i c a l l y  
r e t r i e v e d  from the  sample  by a p l a n e  m i r r o r  r e f l e c t i n g  a n  i m a g e  of  t h e  
sample  through a q u a r t z  window i n  t h e  s h o c k - t u b e  w a l l ,  o u t  o f  t h e  PbS 
pyrometer .   F igure  19 shows a photograph   of  a hea ted   Lav i t e   s ample ,  
fA -8677- -21  
FIGURE 19 PHOTOGRAPH OF HEATED SAMPLE USING RADIATED  LIGHT, 
TAKEN  THROUGH PYROMETER OPTICAL  LINK 
4 .  Microwave  System  and  Techniques 
The  microwave s y s t e m ,  shown in  b lock-d iagram form in  F igure  20 ,  
i 
i s  a s t anda rd  one  fo r  mon i to r ing  t r ansmiss ion  ( two  p ickups )  and r e f l e c -  
t i o n   f   t h i s  t y p e .   D e p e n d i n g  upol: t he   t ype   o f  m asuremen t ,   t h ree  t 
d i f f e r e n t  s o u r c e s  of X-band power were u s e d  d u r i n g  t h e  c o u r s e  o f  t h e  
program: (1) a pulsed   magnet ron   (a t  a f requency   of  9.375 GHz) w i t h  
46 
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FIGURE 20 BLOCK DIAGRAM OF MICROWAVE SYSTEM 
80 kW p e a k  p o w e r ,  f o r b r e a k d o w n i n  g a s e s  a n d  ( i n t r i n s i c )  i n  solids;  
(2) a CW magnetron w i t h  100 W average power ( a t  8.9 G H z )  fo r  thermal  
breakdown tests i n  solids;  and (3) an X - 1 3  ( l ow-power )   k lys t ron   ( a t  
8 .9  G H z ) ,  for  some of t h e  t r a n s m i s s i o n  tests when breakdown was n o t  
sought .  
For  breakdown i n  the  s o l i d  s a m p l e s ,  t r a n s m i s s i o n  a n d  reflec- 
t ion measurements  were made w i t h  t h e  s a m p l e  i n  p l a c e  w i t h  a low power 
l e v e l .  Then t h e  appropriate   breakdown tes t  was r u n - - t y p i c a l l y  wi th  
h e a t i n g  from the c a r b o n  a r c .  T h e n ,  i n  c a s e  symptoms of  breakdown 
cou ld  no t  be v i s u a l l y  o b s e r v e d  i n  the  spec imen and  could  not  be  
detected e l e c t r i c a l l y ,  t he  low-power tests were made a g a i n  t o  d e t e r m i n e  
i f  there were any  permanent e l e c t r i c a l  c h a n g e s  i n  t h e  m a t e r i a l .  
For breakdown i n  a i r  o u t s i d e  t h e  d i e l e c t r i c ,  a h i g h  p r e s s u r e  
was r e q u i r e d  i n s i d e  t h e  horn  to  prevent  breakdown occurr ing  there 
(where t h e  f i e l d s  were h i g h e r  a t  a g i v e n  power l e v e l ) .  When no  plasma 
was p r e s e n t ,  a r a d i o a c t i v e  s o u r c e  was used t o  p r o v i d e  t h e  seed" break- 
down e l e c t r o n ,  which i s  r e q u i r e d  t o  g e t  r e p e a t a b l e  r e s u l t s .  
11 
The technique  of f i r i n g  t h e  magnet ron  pulse ,  w h i l e  t h e  s h o r t -  
l i v e d  test plasma  of t h e  shock t u b e  i s  o v e r  t h e  a p e r t u r e ,  i s  d i s c u s s e d  
i n  R e f .  5. B r i e f l y ,  i o n   p r o b e s   a r e   u s e d   t o   s e n s e  t he  a r r i v a l  of t h e  
s h o c k  f r o n t ,  which is followed  by a nominally  homogeneous  slug  of 
i o n i z e d  a i r .  By u s i n g  a s u i t a b l e  time d e l a y ,  t h e  magnetron is f i r e d  
( f o r  a few microseconds)  w h i l e  t h e  s l u g  o f  a i r  is f l o w i n g  o v e r  t h e  
a p e r t u r e .  The sha rp   l ead ing   edge   o f  t h e  sample holder shown i n  
F i g u r e  8 is for t h e  pu rpose  o f  min imiz ing  the  f low d i s tu rbance  caused  
by t h e  h o l d e r .  This technique  is u s e d   i n  t h e  present   program f o r  
determining breakdown thresholds  when t h e  m a t e r i a l s  a r e  o u t g a s s i n g  i n t o  
a p l a s m a ,   s i m i l a r  t o  the r e e n t r y   s i t u a t i o n .  The a d d i t i o n a l   p r o c e d u r e s  
f o r  t h e  present  program measurements  consis ted of s i m u l t a n e o u s l y  h e a t i n g  
the  m a t e r i a l  and  moni tor ing  both  tempera ture  and  outgassed  products .  
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The  shock  tube  enc losu re  used  in  these  tests i s  n o t  a very  
s a t i s f a c t o r y   p a t t e r n   r a n g e .   I n d e e d ,   i f   p a t t e r n   m e a s u r e m e n t  were a 
p r imary  ob jec t ive ,  i t  would be b e t t e r  t o  u s e  n o  vacuum e n c l o s u r e ,  i n  
which  case  the  carbon arc  equipment  and  hous ing  would  be  the  only  
o b s t r u c t i o n   i n   t h e   r a h g e .   T h e   A p p e n d i x   o f   t h i s   r e p o r t   c o n s i s t s   o f  
p a t t e r n s  m e a s u r e d  w i t h  t h e  s t a n d a r d  c o n f i g u r a t i o n  a t  t h e  NASA Langley 
Research Center .  
B. Data  from  Techniques  Development 
I t  was n o t  a p r i m e  o b j e c t i v e  o f  t h i s  p r o g r a m  t o  g a t h e r  d a t a  o n  
v a r i o u s  m a t e r i a l s ,  w h i c h  is f o r t u n a t e  s i n c e  t h e  m a t e r i a l s  t h a t  w e  ac- 
q u i r e d   a r r i v e d   q u i t e   l a t e   d u r i n g   t h e   p r o g r a m .   H o w e v e r ,  i t  was f e l t  t h a t  
t h e  t e c h n i q u e s  c o u l d  b e s t  be  developed by t h e  a c q u i s i t i o n  o f  w o r t h w h i l e  
d a t a ,  and t h a t  any   in format ion   deve loped   would   be   usefu l .   Despi te   the  
f a c t  t h a t  a l l  i n t e r n a l  breakdown r e s u l t s  w i t h  t h e  s a m p l e s  were n e g a t i v e ,  
t h e r e  were u s e f u l  o b s e r v a t i o n s  made o n  b o t h  p h y s i c a l  a n d  e l e c t r i c a l  
( l o w - p o w e r )  c h a r a c t e r i s t i c s  o f  t h e  s e v e r a l  t y p e s  o f  m a t e r i a l  when ex- 
posed t o  a r een t ry - l ike  env i ronmen t .  
1. Dense RF Window M a t e r i a l s  
The m a t e r i a l s  tested i n  t h i s  c l a s s  were L a v i t e ,  two  makes of 
b o r o n  n i t r i d e  (HBR and HD-0092), P h i l c o - F o r d ' s  s i l i c a  c o m p o s i t e s  
( r e i n f o r c e d  w i t h  f u s e d  q u a r t z )  c a l l e d  AS3DX and AS3DW, and s l i p - c a s t  
f u s e d  s i l i c a  (SCFS). 
* 
F i g u r e  2 1 ( a )  s h o w s  t r a n s m i s s i o n  a n d  r e f l e c t i o n  d a t a  f o r  a 
test r u n  w i t h  t h e  AS3DX m a t e r i a l ,  a n d  F i g u r e  2 1 ( b )  shows cor responding  
t e m p e r a t u r e  p r o f i l e s  e s t i m a t e d  t o  e x i s t  b e t w e e n  t h e  t h e r m o c o u p l e -  
* 
We a r e  i n d e b t e d  t o  Mr. Tom P l a c e  o f  P h i l c o - F o r d  f o r  f u r n i s h i n g  t h e  
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FIGURE 21(b) CORRESPONDING  TEMPERATURE  PROFILES  AT  VARIOUS  TIMES 
DURING TEST 
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FIGURE 21(c) RAW DATA ON  TEMPERATURE  AND  MICROWAVES AT BEGINNING  OF  HEATING CYCLE AND 
BEGINNING  OF  COOLING CYCLE 
m e a s u r e d  s u r f a c e  p o i n t s ,  a t  v a r i o u s  times d u r i n g  b o t h  h e a t i n g  ( t )  a n d  
c o o l i n g   p h a s e s  (t ) o f   t h e   r u n .  The p r o f i l e s  were e s t i m a t e d   o n   t h e   b a s i s  
of  well known f o r m s  o f  t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  t h e  two d i f f e r e n t  
c o n d i t i o n s   ( h e a t i n g  or c o o l i n g ) .  The p r o f i l e s   a r e   e s t i m a t e d   t o   b e  
accura te   wi th in   about . lOO°F.  I t  is n o t e d  t h a t  t h e  h e a t i n g  p r o f i l e s  
a r e  s i m i l a r  t o  f l i g h t  p r o f i l e s ,  w h e r e a s  t h e  c o o l i n g - c y c l e  p r o f i l e s  a r e  
f l a t  enough to   be   comparable   wi th   soaking"   methods .  The d i f f e r e n c e   i n  
t h e  p r o f i l e s  i s  r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  b e t w e e n  h e a t i n g  a n d  
c o o l i n g  i n  t h e  r e f l e c t e d  a n d  r e c e i v e d  s i g n a l s ,  s i n c e  t h e y  a r e  p l o t t e d  
a g a i n s t   f r o n t - f a c e   t e m p e r a t u r e .   S i n c e   t h e   p r o f i l e s   a r e   q u i t e   d i f f e r e n t ,  
and t h e  RF p r o p e r t i e s  o f  t h e  m a t e r i a l  a r e  f u n c t i o n s  o f  t empera tu re ,  t he  
m i c r o w a v e  b e h a v i o r  s h o u l d  b e  d i f f e r e n t  i n  g e n e r a l  a t  i d e n t i c a l  f r o n t -  
f a c e   t e m p e r a t u r e s .   S i n c e   t h e   r e c e i v e d  power was h i g h e r  f o r  c o o l i n g  i n  
one  case  and  lower  in  the o t h e r ,  a n d  i n  v i e w  of t h e  r e s u l t s  shown i n  
C * 
I t  
* 
For  example,  w e  know t h a t  t h e  s l o p e  o f  t h e  t e m p e r a t u r e  p r o f i l e  a t  any 
p o i n t  i n  t h e  s a m p l e  i s  p r o p o r t i o n a l  t o  t h e  f l u x  o f  h e a t  a c r o s s  t h e  s u r -  
f a c e  a t  t h e  p o i n t ,  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  b e i n g  t h e  t h e r m a l  c o n -  
d u c t i v i t y .   T h i s   r e q u i r e m e n t ,   t o g e t h e r   w i t h   t h e   m e a s u r e d   v a l u e s   o f  t h e  
two  end p o i n t s ,  is  s u f f i c i e n t   t o   g i v e   t h e   s h a p e   o f   t h e   c u r v e s .  The 
s i m p l e s t  p r o f i l e  t o  f i x  is  the  s t eady- s t a t e  one ,  wh ich  would be a s t r a i g h t  
l i n e  were i t  n o t  f o r  some l o s s e s  t r a n s v e r s e  t o  t h e  p r i m a r y  d i r e c t i o n  o f  
f low.   The   t ransverse   f low  occurs   because   the   ou ter   por t ion   o f   the   sample  
h o l d e r  is  n o t  i r r a d i a t e d  by t h e  c a r b o n  a r c ,  r e s u l t i n g  i n  a t r a n s v e r s e  
t e m p e r a t u r e   g r a d i e n t .   S i n c e   t h e   f l u x   t h e r e f o r e   d e c r e a s e s   s l i g h t l y   a l l  
a c r o s s  t h e  s a m p l e  f r o m  l e f t  t o  r i g h t ,  t h e  s l o p e  o f  t h e  c u r v e  must  de- 
c r e a s e  f r o m  l e f t  t o  r i g h t .  The s l o p e  o f  t h e  t r a n s i e n t  c u r v e s  a t  t h e  
r i g h t - h a n d  s u r f a c e  on t h e  h e a t i n g  c y c l e  w i l l  b e  lower t h a n  t h e  s t e a d y -  
s t a t e  p r o f i l e  s l o p e ,  w i t h  t h e  n e a r l y  z e r o  s l o p e  a t  t = 0:Ol because of  
t h e  low su r face  t empera tu re ,  wh ich  p rec ludes  s ign i f i can t  hea t  l o s s  ac ross  
t h a t  s u r f a c e .  The c o o l i n g - c y c l e  p r o f i l e s  m u s t  h a v e  a m a x i m u m  s i n c e  h e a t  
f l o w s  i n  o p p o s i t e  d i r e c t i o n s  a t  t h e  s u r f a c e s .  The s l o p e s  a t  t h e  r i g h t  
s u r f a c e  would b e  e x p e c t e d  t o  b e  l o w e r  tki'an i n  t h e  s t e a d y  s t a t e  s i n c e  t h e  
h e a t  s o u r c e  s e e n  ,by i t  on t h e  l e f t  is d e c r e a s i n g  w i t h  time. I n  t h e  
c o o l i n g  c y c l e ,  t h e  l e f t - h a n d  s u r f a c e  a p p a r e n t l y  sees" a c o o l e r   e n v i r o n -  
m e n t  t h a n  t h e  r i g h t - h a n d  s u r f a c e ,  s i n c e  t h e  t e m p e r a t u r e  t h e r e  d e c r e a s e s  
f a s t e r   w i t h  time. 
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t h e  a p p e n d i x  o n  p a t t e r n  e f f e c t s ,  i t  i s  e x p e c t e d  t h a t  p a t t e r n  e f f e c t s  
a r e  s i g n i f i c a n t  i n  t h e s e  m e a s u r e m e n t s .  The o v e r a l l  d e c r e a s e  a t  h i g h  
t empera tu re  (- 1 dB) may b e  d u e  t o  a n  i n c r e a s e  i n  a b s o r p t i o n  ( l o s s  
tangent ) ;  however ,  s imi la r  measurements  wi th  AS3DW ( q u a r t z  f i b e r s  i n  a 
d i f f e r e n t  p a t t e r n  f r o m  AS3DX) showed e s s e n t i a l l y  n o  l o s s  w i t h  t e m p e r a -  
t u re .   No te   t he  AS3DX s a m p l e s  d e t a i l s  i n  F i g u r e  9(a), a l o n g   w i t h   t h e  
f r o n t  and  back  thermocouple   leads.   Figure  21(c)   shows  the raw d a t a  
for t he  run  co r re spond ing  to  F igu res  21 (a )  and  (b ) .  
F i g u r e  22  shows s i m i l a r  d a t a  f o r  L a v i t e ,  u s i n g  o n l y  a n  H - p l a n e  
r ece iv ing   ho rn .  I t  i s  seen t h a t  t h e r e  was  a d i s c o n t i n u i t y  i n  t h e  d a t a  
s t a r t i n g  when t h e   ( f r o n t )   t e m p e r a t u r e   r e a c h e d  2340'F. S i n c e   t h e   s a m p l e  
was  found t o  b e  f o r c e d  o u t  away from t h e  h o r n  by about  1/16-inch during 
t h e  t es t ,  i t  i s  assumed t h i s  was t h e   c a u s e   o f   t h e   d i s c o n t i n u i t y .  I t  
i s  noted  f rom the  low r e f l e c t i o n  c o e f f i c i e n t s  t h a t  t h e  0 . 2 5 - i n c h  t h i c k -  
ness   o f   bo th   these   samples  i s  n e a r  a half-wave.   (The  ref lect ion  co-  
e f f i c i e n t  o f  t h e  h o r n  a n d  h o l d e r  w i t h o u t  a sample i s  n e g l i g i b l e . )  A t  
a maximum tempera tu re  of 2000°F, t h e  SCFS showed a gain of  about  2 dB 
i n  t r a n s m i t t e d  s i g n a l  compared with the room-temperature  t ransmission,  
w i th  ve ry  l i t t l e  c h a n g e  i n  r e f l e c t i o n  c o e f f i c i e n t ,  
The g r e a t e s t  l o s s  i n  s i g n a l  i n  b o t h  g r o u p s  o f  RF m a t e r i a l s  
was wi th   bo th   t ypes   o f   bo ron   n i t r i de .   F igu re   23  shows t h a t   t h e   m i c r o -  
wave s i g n a l s   h a r d l y   c h a n g e d   u n t i l   a b o u t  1500OF  on t h e  f r o n t  f a c e .  (The 
H-plane  power meter d r i f t e d  d u r i n g  t h e  c o o l i n g  c y c l e . )  T h i s  s o r t  o f  
l o s s  (- 3  dB)  was r e p r e s e n t a t i v e  o f  b o t h  t y p e s  of BN t e s t ed ,  wh ich  has  
a d d e d  s i g n i f i c a n c e  s i n c e  t h e  m a x i m u m  t empera tu res  were somewhat lower 
t h a n  f c r  t h e  o t h e r  m a t e r i a l s .  
A l l  t h e  d e n s e  RF m a t e r i a l s  e x c e p t  L a v i t e  were p h y s i c a l l y  
s t a b l e   a f t e r   s e v e r a l   r e p e a t e d   r u n s .  The L a v i t e  t e n d e d  t o  f r a c t u r e ,  
e s p e c i a l l y  o n  t h e  r a d i a t e d  s i d e ;  c r a c k s  o f  t h i s  k i n d  c a n  b e  v i s u a l l y  
d e t e c t e d  i n  F i g u r e  1 9 .  
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FIGURE 22 TRANSMISSION,  REFLECTION, AND  TEMPERATURE  DATA FROM A TEST 
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FIGURE 23 TRANSMISSION AND  REFLECTION  DATA  ON BORON NITRIDE (HBR)  
The  mass s p e c t r a  t a k e n  d u r i n g  t h e  h e a t i n g  of t h e s e  m a t e r i a l s  
showed  no d e t e c t a b l e  o u t g a s s i n g  e x c e p t  for wate r  vapor  e scap ing  f rom 
t h e   b o r o n   n i t r i d e .   F i g u r e  24 shows a mass   spec t rum  taken   ear ly   dur ing  
a h e a t i n g  r u n  w i t h  a BN sample.  When o n l y  a i r  a n d  w a t e r  a r e  p r e s e n t  
MASS  PEAK  No. 14  16 18 28  32 
FIGURE 24 MASS SPECTRUM EARLY  IN BORON NITRIDE  HEATING  RUN 
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(BN would  give  peaks  a t  Nos. 25,  14, and ll), t h e  v o l u m e t r i c  r a t i o  o f  
a i r  t o  w a t e r  i n  t h e  s a m p l e d  g a s  g o e s  a p p r o x i m a t e l y  a s  t h e  r a t i o  o f  t h e i r  
main  peaks,   which  are Numbers  28 ( f o r  N ) and 18 ( f o r  H 0 ) ,  r e s p e c t i v e l y .  
Although the height  of  Peak 28 i s  n o t  a p p a r e n t  i n  F i g u r e  2 4 ,  w e  can 
deduce  from  the  height  of  Peak 32 ( r e p r e s e n t i n g  0 ) t h a t  i t  is  
approximate ly   5 .5  times a s  g r e a t  a s  18, g iv ing  abou t  15  pe rcen t  wa te r  
i n   t h e   s a m p l e d   g a s .  (A t y p i c a l  a m b i e n t  l e v e l  f o r  w a t e r  i n  t h e  t u b e  
a t  t h e s e  c o n d i t i o n s  is no g r e a t e r  t h a n  3 p e r c e n t . )  The t o t a l  p r e s s u r e  
for t h i s  test was 1 . 7  t o r r ,  i n d i c a t i n g  t h a t  t h e  p a r t i a l  p r e s s u r e  of 
w a t e r   a t   t h e   t u b e   i n t a k e  was a b o u t   0 . 2 5   t o r r .   S p e c t r a   t a k e n   s u b s e q u e n t  
t o  t h e  o n e  i n  F i g u r e  24  showed r a p i d  d e c r e a s e  i n  t i m e ,  however, down t o  
t h e  t y p i c a l  t u b e  a m b i e n t  l e v e l .  
+ + 
2  2 
+ 
2 
2 .  L ightweight  TPS M a t e r i a l  
S a m p l e s  o f  t h r e e  l i g h t w e i g h t  d i e l e c t r i c s  t h a t  c o u l d  b e  c o n -  
s i d e r e d  c a n d i d a t e s  f o r  t h e  t h e r m a l  p r o t e c t i o n  system were a c q u i r e d  f o r  
t e s t i n g :  (1) aluminum  phosphate   foam  of   the  Whit taker   Corporat ion,  
(2)  Lockheed's  LI-1500,  and (3) Carborundum' s   bo ron   n i t r i de   f i be rboa rd  
89-X.  Samples  of many o t h e r   m a t e r i a l s  were p rocured ,   such   a s  Union 
C a r b i d e ' s  " Z i r c a r "  z i r c o n i a  f e l t ,  b u t  none  appeared t o  have t h e  re- 
q u i r e d   s t r u c t u r a l   p r o p e r t i e s .  I n  f a c t ,  a l l  three of t h e  above  "candidate"  
m a t e r i a l s   e x h i b i t e d   s t r u c t u r a l   p r o b l e m s .  The two  foam m a t e r i a l s   ( o f  
w h i c h  t h e  W h i t t a k e r  m a t e r i a l  i s  g e n e r a l l y  s t r o n g e r )  b o t h  f a i l e d  w h i l e  
a t  room t empera tu re  when w e  evacuated the shock tube with one atmosphere 
p r e s s u r e   o n   t h e   a n t e n n a   s i d e .  However,  they may s t i l l  b e   a c c e p t a b l e  
s i n c e  t h i s  k i n d  o f  s t r u c t u r a l  l o a d i n g  w i l l  p robab ly  no t  occur  on t h e  
s h u t t l e .  The BN f iberboard  decomposed when exposed t o  a i r  a t  a tempera ture  
* 
* 
We wish  to  acknowledge  the  a s s i s t ance  o f  M r .  Vance Chase of Whittaker, 
who s u p p l i e d  u s  w i t h  t h e  aluminum phosphate foam samples. 
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of  around  1800°F  and  higher.   Figure  25(a)  shows a sample of 89-X 
b e f o r e ,  and F i g u r e  2 5 ( b ) ,  a f t e r ,  a two-hour  exposure t o  a i r  a t  1900OF. 
(a) BEFORE HIGH-TEMPERATURE EXPOSURE TO AIR 
(bl AFTER HIGH-TEMPERATURE EXPOSURE TO AIR 
TA-8677-28 
F I G U R E  25 BORON NITRIDE F I B E R B O A R D   S A M P L E  
T h i s  was appa ren t ly   ox ida t ion  of t h e  l a r g e - s u r f a c e - a r e a  f i b e r s ,  a s  
i n d i c a t e d  by a test r u n   i n  a vacuum. F igu re  26 shows t h a t   o n l y   t h e  
I t  8 9 - X "  marking faded during a s i m i l a r  test  in  an  evacuated  pyrex  
enc losu re .   S ince  i t  may b e  p o s s i b l e  f o r  t h e  8 9 - X  t o   b e   u s e d  i n  a n  a i r -  
t i g h t  i n s t a l l a t i o n ,  i t  probably   should   no t   ye t   be   e l imina ted   f rom 
s h u t t l e  c o n s i d e r a t i o n s .  
The Whi t t ake r  foam samples  turned  somewhat  darker  in  co lor  
du r ing  p ro longed  hea t ing ,  a l though  no  p roduc t s  of decomposi t ion were 
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(a) BEFORE HIGH-TEMPERATURE TEST IN EVACUATED ENCLOSURE 
(b) AFTER HIGH-TEMPERATURE TEST IN EVACUATED ENCLOSURE 
TA-8677-29 
FIGURE 26 BORON NITRIDE  FIBERBOARD 
d e t e c t e d  by t h e  mass  spec t romete r  w i th  th i s  or t h e  o t h e r  l i g h t w e i g h t  
m a t e r i a l s .   ( B e c a u s e   t h e  mass s p e c t r o m e t e r  tests were performed i n  a 
vacuum, i t  is  l i k e l y  t h a t  any  water   absorbed by t h e  foams was evapora ted  
d u r i n g   t h e  pump-down, p r i o r   t o   t h e   m e a s u r e m e n t . )   B e c a u s e   o n e   o f   t h e  
Whittaker  samples  seemed  somewhat  eroded on t h e  a r c - i r r a d i a t e d  f a c e ,  i t  
was we igh ted  be fo re  and a f t e r  e x t e n d e d  e x p o s u r e  (9 m i n u t e s )  t o  t h e  a r c .  
Indeed ,   the   sample   weighed  2 p e r c e n t  less a f t e r  t h e  t es t .  (Care fu l  
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a t t e n t i o n  was g i v e n  t o  d i f f e r e n t i a t i n g  t h i s  r e a l  s a m p l e  w e i g h t  loss 
from a loss i n  abso rbed  wa te r .  1 
F i g u r e s  27 and 28 show t h e  q u i t e  similar results o f  t r a n s -  
miss ion  tests performed with samples  of  the Whit taker  and Lockheed 
1 .o I I -  
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FIGURE 27 RESULTS OF TRANSMISSION TEST WITH  ALUMINUM PHOSPHATE FOAM 
SAMPLE DURING BOTH HEATING  AND COOLING CYCLE 
foams ,   r e spec t ive ly .   These   da t a ,  and t h e   f a c t   t h a t   n e i t h e r   e x p e r i e n c e d  
breakdown in  the  h igh -power  tes ts ,  i n d i c a t e  t h a t  b o t h  m a t e r i a l s  a r e  
s a t i s f a c t o r y   f r o m  RF c o n s i d e r a t i o n s .  I t  was n o t e d   t h a t   t h e   d a r k   g r e e n  i 
c o a t i n g  o n  t h e  LI-1500 sample was somewhat b i l i s t e r e d  by t h e  2400'F i' 
1: 
t empera tures .   (This   dark   coa t ing  was used on t h e  i r r a d i a t e d  s i d e  t o  
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FIGURE 28 TRANSMISSION TEST DATA FOR LI-1500 SAMPLE 
c o a t i n g . )  N o  tests were made wi th  the  uncoa ted  sample  because  o f  i t s  
s t r u c t u r a l  f a i l u r e  i n  t h e  vacuum test .  
3. A b l a t i v e   M a t e r i a l  
A t ransmission/breakdown tes t  was made w i t h  a sample of OTWR 
( o r t h o g o n a l - w o u n d  R e f r a s i l )  a f t e r  i t  was l e a r n e d  l a t e  i n  t h e  program 
t h a t  a b l a t i v e  m a t e r i a l s  were u n d e r  c o n s i d e r a t i o n  f o r  t h e  s h u t t l e  a s  an 
inter im  measure.   With no a r c  h e a t i n g ,  RF h e a t i n g  f r o m  t h e  100-W CW 
m a g n e t r o n  r a i s e d  t h e  t e m p e r a t u r e  ( a t  a thermocouple  imbedded  near t h e  
f r o n t   s u r f a c e )   t o  570OF. This   t empera ture  d i d  n o t   a f f e c t   t h e   r e f l e c t i v i t y  
or t r ansmiss iv i ty  o f  t he  sample .  Add i t ion  o f  t he  a rc  hea t ing ,  however ,  
g i v i n g  a maximum tempera tu re  o f  2250°F, e v e n t u a l l y  c h a r r e d  t h e  s a m p l e  
badly. enough t o  g i v e  17 d B  a t t e n u a t i o n  a n d  t o  s h o r t  o u t  t h e  t h e r m o c o u p l e .  
S i n c e  t h e  d e t e r i o r a t i o n  o c c u r r e d  o v e r  s e v e r a l  m i n u t e s  o f  time, r a t h e r  
t h a n  w i t h i n  a f r a c t i o n  of a second,  i t  is i n f e r r e d  t h a t  n o  c a t a s t r o p h i c  
b r e a k d o w n  o c c u r r e d  i n  t h e  m a t e r i a l .  
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4.  Gas  Breakdown Data  
Although no subl iming products  were g e n e r a l l y  d e t e c t e d  by t h e  
mass s p e c t r o m e t e r  d u r i n g  t h e  h e a t i n g  r u n s ,  i t  was d e c i d e d  t h a t  tests 
s h o u l d  b e  r u n  f o r  o t h e r  e f f e c t s  o f  t h e  h e a t e d  s a m p l e  on breakdown 
t h r e s h o l d s  o f  t h e  a i r  t o  a t  l e a s t  d e m o n s t r a t e  t h e  f e a s i b i l i t y  o f  o u r  
technique .   F igure   29   shows  the  resu l t s  o f   t h r e e   d i f f e r e n t   k i n d s   o f  
PRESSURE - tor r  
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FIGURE 29 GAS-BREAKDOWN THRESHOLDS 
th reshold  measurements ,  us ing  a Lavi te  sample and the pulsed magnetron.  
F i r s t ,  t h r e s h o l d s  were measured i n  c o l d  a i r  o v e r  a r ange  o f  p re s su res .  
Then they  were repea ted   w i th  a h o t  s a m p l e  o n l y .  I t  appears   f rom 
F i g u r e  29 t h a t  t h e  d i f f e r e n c e  b e t w e e n  t h e s e  two sets o f  r e s u l t s  c a n  b e  
expla ined  s imply  by a s h i f t  t o  h i g h e r  p r e s s u r e  (by a f a c t o r  o f  4 )  and 
by a  3-dB s h i f t  t o  h i g h e r  power.  The s h i f t  i n  p r e s s u r e  is q u i t e  r e a -  
s o n a b l e  s i n c e  a f a c t o r  o f  4 o r  so  wou ld  be  the  r equ i r ed  inc rease  i n  
p r e s s u r e  t o  c o m p e n s a t e  f o r  t h e  r e d u c e d  d e n s i t y  i n  t h e  h i g h  a i r  t e m p e r a -  
t u r e   i n   t h e   l a y e r   n e x t   t o   h e a t e d   s a m p l e   ( a t  2400OF). I n  a d d i t i o n ,  t h e  
h i g h e r  power requirement is c o n s i s t e n t  w i t h  t h e  a p p a r e n t  l o s s e s  i n  t h e  
ho t  Lav i t e  obse rved  on  the  hea t ing  cyc le  o f  F igu re  22. Some o f  t h e  r u n s  
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were made  by s t a r t i n g  w i t h  a c o l d  s a m p l e  a t  a g iven  pressure ,  and  then  
o b s e r v i n g  t h e  t r a n s i t i o n  i n  t i m e  t o  t h e  v a l u e s  shown f o r  t h e  h o t  s a m p l e .  
Two d a t a  p o i n t s  shown in  F igu re  29  co r re spond  to  shock-hea ted -  
a i r  d a t a .  The  shock  tube was f i r e d  w i t h  a h o t  s a m p l e  i n t o  a i r  a t  
i n i t i a l  p r e s s u r e  o f  1 t o r r .  The resu l t i ng   p l a sma   has  a tempera ture   o f  
3 3 0 0 ° K ,  an e l e c t r o n   d e n s i t y  of about  10 (cm ), and  an a i r   d e n s i t y  
e q u i v a l e n t   t o   r o o m - t e m p e r a t u r e   a i r   a t  9 t o r r   p r e s s u r e .  Breakdown 
o c c u r r e d  a f t e r  e f f e c t i v e  p u l s e  w i d t h s  o f  0 . 6  ps ( a t  1 . 6 4  kW peak  power) 
and  approximately 0.03 ps ( a t   3 . 2 8  kW peak  power). By compensating 
t h e s e  t h r e s h o l d s  for t h e  s h o r t e r  times, one can compute equivalent  
t h r e s h o l d s  for a 4 - p s  p u l s e  ( f o r  c o m p a r i s o n  w i t h  t h e  o t h e r  d a t a  i n  
F i g u r e   2 9 ) .   T h i s   e q u i v a l e n t   f o r   b o t h   p o i n t s  is  0 .9  kW. S i n c e   t h e  
sample i s  h o t ,  t h i s  e q u i v a l e n t  t h r e s h o l d  i s  compared  with  the  upper 
cu rve  o f  F igu re  29 to  de t e rmine  the  added  e f f ec t  o f  t he  p l a sma ,  and 
i t  is  s e e n  t h a t  t h e r e  i s  approximate ly  8 dB reduc t ion  due  to  the  p l a sma .  
This  d i f f e r e n c e  i s  reasonab le  in  v i ew o f  t he  combined  e f f ec t s  of ambi- 
p o l a r  d i f f u s i o n  and   h igh - t empera tu re   a i r .   F igu re   30 (a )  shows bo th  
i n c i d e n t  and r e f l e c t e d   p u l s e s  for t h e  1.64-kW s h o t .  Breakdown i s  s a i d  
t o  o c c u r  when t h e  e l e c t r o n  d e n s i t y  r e a c h e s  a p p r o x i m a t e l y  c r i t i c a l ,  t h u s  
c h a n g i n g   t h e   l e v e l   o f   t h e   r e f l e c t e d  power. F igure   30(b)   shows  ion  
c u r r e n t  c o l l e c t e d  by an  ion  p robe  du r ing  the  sho t  ( lower  t r ace ) ,  and  
t h e  c o r r e s p o n d i n g  time d u r i n g  t h e  p a s s i n g  o f  t h e  p l a s m a  when the magnetron 
f i r e d ,  a s  i n d i c a t e d  by t h e  d i s c o n t i n u i t y  i n  t h e  u p p e r  t r a c e .  
10 -3 
6 3  
(a) INCIDENT AND REFLECTED PULSES 
FIGURE 30 SHOCK-TUBE BREAKDOWN DATA 
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V SUMMARY AND RECOMMENDATIONS 
A two-part   program was pe r fo rmed   and   , desc r ibed   i n   t h i s   r epor t .  A 
study program was performed i n  which high-power antenna information was 
deve loped  and /o r  a s sembled  f rom the  l i t e r a tu re  and  f rom a survey  of 
government   and   indus t ry   sources .  Two p r i n c i p a l   c o n t r i b u t i o n s   r e s u l t e d  , 
from t h i s  s t u d y  e f f o r t .  One is a set o f  g u i d e l i n e s  f o r  e n g i n e e r i n g  
d e s i g n  f o r  a v o i d i n g  a n t e n n a  b r e a k d o w n  i n  a i r ,  a d a p t e d  t o  t h e  s h u t t l e  
t r a j e c t o r y .   A l s o   i n c l u d e d  i s  a d i s c u s s i o n   o f  two t y p e s   o f   p o s i t i v e  
measu res  tha t  can  be t a k e n  t o  r a i s e  breakdown thresholds- -use  of  s ta t ic  
e lec t r ic  f i e l d s  a n d   e l e c t r o p h i l i c   c h e m i c a l s .   S e v e r a l   c o n c l u s i o n s   c a n  be 
r eached   f rom  these   gu ide l ines ,   a s   fo l lows :  
A t y p i c a l  s l o t  a n t e n n a ,  a p p r o x i m a t e l y  4 x 1 wavelength,  
w i l l  e x p e r i e n c e  a t h r e s h o l d  minimum of  about  200 W 
u n d e r  c o m i n a l  s h u t t l e  r e e n t r y  c o n d i t i o n s .  
A r e l a t ive ly  f a t  qua r t e r -wave  monopo le  an tenna  will 
have a t h r e s h o l d  minimum of  about  50 W u n d e r  t h e s e  
c o n d i t i o n s  . 
M e a s u r e s  f o r  b r e a k d o w n  a l l e v i a t i o n  i n  f l i g h t  a r e  
f e a s i b l e ,  b u t  d i f f i c u l t ,  and a r e  l i m i t e d  i n  e x t e n t  
by the  r een t ry  env i ronmen t .  
The second  con t r ibu t ion  f rom the  s tudy  p rogram i s  a d i s c u s s i o n  of 
e f f e c t s  of tempera ture  of  d ie lec t r ics  o n  breakdown within t h e  d i e l e c t r i c ,  
inc luding   bo th   in t r ins ic   and   thermal   b reakdown  mechanisms.  I t  i s  
conc luded   t ha t   t empera tu re   r educes  d i e l ec t r i c  breakdown  thresholds ,  for 
b o t h  m e c h a n i s m s ,  s u f f i c i e n t l y  t h a t  m a t e r i a l s  s h o u l d  be tested unde r  the  
combined intense thermal  and RF exposures .  
A comprehensive system of laboratory measurements was deve loped ,  
p r o v i d i n g  a foundat ion  for  h igh-power  RF t e s t i n g  o f  new m a t e r i a l s  a s  
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t h e  s h u t t l e  program  progresses .  Some o f   t h e   n o t a b l e   d e v e l o p m e n t s   o u t  
o f  t h i s  t e c h n i q u e s  p r o g r a m  a r e  t h e  f o l l o w i n g :  
Hea t ing  o f  s amples  to  r een t ry  t empera tu res  wi th  r een t ry -  
t y p e  p r o f i l e s ,  u s i n g  a sou rce  r emote  enough  to  on ly  
s l i g h t l y  a f f e c t  t h e  e l e c t r i c a l  tests, a l l o w i n g  p a t t e r n  
measurement i n  add i t ion  to  impedance  and  t r ansmiss ion  
tests . 
M o n i t o r i n g  o f  t e m p e r a t u r e  o f  a r b i t r a r y  m a t e r i a l s  
using an I R  pyrometer .  
Moni tor ing  outgassed  products  th rough a r e l a t i v e l y  
l a r g e  m a s s - s p e c t r o m e t e r  i n t a k e  s y s t e m  (waveguide). 
A conf igu ra t ion  a l lowing  s imul t aneous  pe r fo rmance  
o f  t h e  s e v e r a l  d i f f e r e n t  tests. 
I n  t h e  c o u r s e  of the  techniques  deve lopment  program,  da ta  were 
ga thered  f rom these  tests o n  s e v e r a l  c o n d i d a t e  m a t e r i a l s  i n  b o t h  t h e  
dense   and   l i gh twe igh t  RF m a t e r i a l s   c a t e g o r i e s .   I n   a d d i t i o n ,   s e v e r a l  
v a l u a b l e  o b s e r v a t i o n s  were made  on  some o f  t h e  e a r l y  s h u t t l e  RF- 
m a t e r i a l   c a n d i d a t e s .  I t  w a s  f o u n d   t h a t ,   g e n e r a l l y ,   t h e s e  m a t e r i a l s  
a p p e a r  t o  h a v e  less  of a p r o b l e m  q u a l i f y i n g  e l e c t r i c a l l y  t h a n  s t r u c -  
t u r a l l y .   I n   a d d i t i o n   t o   h a v i n g  low l o s s e s   o v e r   t h e   t e m p e r a t u r e   r a n g e ,  
no  breakdown i n  t h e s e  m a t e r i a l s  was produced ,  and  therefore  none  is 
e x p e c t e d  f o r  a n y  l o w - l o s s  r e f r a c t o r y  m a t e r i a l s  s i m i l a r  t o  t h e s e .  
However, tests a n d / o r  a n a l y s i s  s h o u l d  b e  p e r f o r m e d  t o  c o n f i r m  t h i s .  
The  program repor ted  here  leads  to  the  fo l lowing  recommendat ions  
f o r  f u t u r e  e f f o r t  r e g a r d i n g  u s e  of h igh  power  leve ls  wi th  h igh- tempera ture  
m a t e r i a l s  i n  t h e  s h u t t l e  p r o g r a m :  
(1) New c a n d i d a t e   m a t e r i a l s ,   e s p e c i a l l y   i n c l u d i n g   a b l a t i v e  
m a t e r i a l s ,  s h o u l d  b e  t e s t e d  by u s i n g  a l l  t h e  t e c h n i q u e s  
d e s c r i b e d  i n  t h i s  r e p o r t .  
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(2) P a t t e r n s   o f   s p e c i f i c   a n t e n n a   d e s i g n s   c a n   ( a n d   s h o u l d )   b e  
t e s t e d  u s i n g  a p a t t e r n  r a n g e  i n t o  w h i c h  a remote arc-  
image  hea ter  i s  i n c o r p o r a t e d .  
(3) G a s - b r e a k d o w n   t h r e s h o l d s   a t   h i g h   f i e l d   s t r e n g t h   a n d  
low p r e s s u r e s ,  c o r r e s p o n d i n g  t o  s h u t t l e  a p p l i c a t i o n s  
around 250 t o  300 k f t ,  need to   be   de t e rmined .   These  
measurements  can be done using s tandard pulse  techniques 
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RADIATION  PATTERNS 
T h i s  a p p e n d i x  p r e s e n t s  t h e  resul ts  of r ad ia t ion -pa t t e rn  measu remen t s  
performed a t  t h e  L a n g l e y  R e s e a r c h  Center w i t h  t h e  test c o n f i g u r a t i o n s  
and  ma te r i a l s  u sed  f o r  t h e  breakdown s tudies .  
The r a d i a t i o n  p a t t e r n s  of a n  a n t e n n a  r a d i a t i n g  i n t o  a d i e l e c t r i c -  
l o a d e d  c a v i t y ,  s u c h  a s  t h a t  u s e d  f o r  t h e  breakdown tes ts ,  a r e  g r e a t l y  
i n f l u e n c e d  b y  t h e  c a v i t y  s i z e  a n d  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  t h e  
window m a t e r i a l .  Any changes i n  t h e s e  d i e l e c t r i c  p r o p e r t i e s  d u r i n g  t h e  
thermal  t es t  c o u l d  h a v e  p r o d u c e d  c h a n g e s  i n  t h e  r a d i a t i o n  p a t t e r n s .  
The r a d i a t i o n  p a t t e r n s  c o u l d  n o t  be measured during the breakdown 
t e s t s ;  t h e r e f o r e  i t  was n e c e s s a r y  t o  c o n d u c t  t h e s e  m e a s u r e m e n t s  a f t e r  
t h e  test c o n f i g u r a t i o n  was removed from t h e  breakdown f a c i l i t y .  The 
the rma l  env i ronmen t  used  in  the  b reakdown eva lua t ion  cou ld  no t  be  
d u p l i c a t e d  i n  t h e  a n t e n n a  t e s t  chamber  du r ing  the  r ad ia t ion -pa t t e rn  
measu remen t s ;  t he re fo re  a change i n  f r e q u e n c y  was employed t o  s i m u l a t e  
a s m a l l   c h a n g e   i n  d ie lec t r ic !  c o n s t a n t .  The t w o  f r e q u e n c i e s   u s e d   f o r  
the   t ransmiss ion   and   breakdown tes ts  were 8.9  and  9 .375 G H z .  Rad ia t ion -  
pa t te rn  measurements  were performed a t  8 . 9 ,  9 . 2 ,  9 . 4 ,  a n d  9.6 G H z ,  
where the change from 8.9 t o  9.6 GHz r e p r e s e n t s  a p p r o x i m a t e l y  a n  
8 - p e r c e n t   c h a n g e   i n   d i e l e c t r i c   c o n s t a n t .   S u c h  a change i s  r e p r e s e n t a -  
t i v e  of t h a t  m e a s u r e d  f o r  some of t h e  more d e n s e  m a t e r i a l s ,  s u c h  a s  
s l i p - c a s t  f u s e d  s i l i c a  a n d  U n i o n  C a r b i d e ' s  b o r o n  n i t r i d e  m a t e r i a l s ,  
o v e r  a comparable   t empera ture   range .   The   candida te   mater ia l s   eva lua ted  
had  room- tempera tu re  d i e l ec t r i c  cons t an t s  r ang ing  from approximate ly  
1 .2  for  the  low-dens i ty  thermal -pro tec t ion-sys tem (TPS) m a t e r i a l s  u p  
t o  abou t  5.3 f o r  t h e  more dense antenna-window mater ia ls .  
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The r ad ia t ion -pa t t e rn  measu remen t s  were c o n d u c t e d  u s i n g  t h e  s t a n d a r d  
t e s t  c o n f i g u r a t i o n  shown i n  F i g u r e  8 o f  t h e  m a i n  t e x t  and  two o t h e r  
s i m i l a r  c o n f i g u r a t i o n s  h a v i n g  s a m p l e  h o l d e r s  w i t h  s t r a i g h t  e d g e s  r e p l a c i n g  
the   beve led   edge   o f   t he   s t anda rd   conf igu ra t ion .   Th i s   d i f f e rence   p roduced  
only  s m a l l  c h a n g e s  i n  t h e  r a d i a t i o n  p a t t e r n s ,  w i t h  t h e  r a d i a t i o n  i n  t h e  
b a c k  r e g i o n  b e i n g  s l i g h t l y  h i g h e r  f o r  t h e  b e v e l e d  s a m p l e  h o l d e r  d u e  t o  
t h e   i n c r e a s e d   d i f f r a c t i o n   f r o m   t h e   s h a r p   e d g e .   S i n c e   o n l y   m i n o r   d i f -  
ferences  were  measured among t h e  v a r i o u s  c o n f i g u r a t i o n s ,  i t  i s  assumed 
t h a t  o n l y  t h e  s t a n d a r d  c o n f i g u r a t i o n  was u s e d  f o r  t h e  p a t t e r n  m e a s u r e -  
ments.  The E- and   H-plane   rad ia t ion   pa t te rns   measured   of   the   s tandard  
c o n f i g u r a t i o n  w i t h  n o  t es t  m a t e r i a l  a r e  shown i n  F i g u r e  A - l ( a ) .  The 
t r a n s m i t t e d  l e v e l  was a d j u s t e d  t o  p r o v i d e  t h e  same p a t t e r n  l e v e l  a t  
each tes t  f r equency   fo r   t he   no - spec imen   cond i t ion .   These   t r ansmi t t ed  
leve ls  were  recorded  and  repea ted  for  the  measurements  of  the  var ious  
t e s t  m a t e r i a l s .  The  amount  of  change  produced i n  t h e  r a d i a t i o n  p a t t e r n s  
of t h e  s t a n d a r d  c o n f i g u r a t i o n  when a s p e c i f i c  m a t e r i a l  was used can be 
determined by a s imple  compar ison  wi th  those  measured  for  the  no-spec imen 
c o n d i t i o n .   R a d i a t i o n   p a t t e r n s  were no t   measu red   fo r  a l l  m a t e r i a l s ,  
due t o  t h e  s t r u c t u r a l  f a i l u r e  o f  some t e s t  s amples  du r ing  the  b reakdown 
e v a l u a t i o n .  
The low-densi ty   mater ia ls   ( i .e . ,   LI-1500  and  a luminum  phosphate  
foam,  A1W4),  having r e l a t i v e l y  low d i e l e c t r i c  c o n s t a n t s ,  p r o d u c e d  
only  s m a l l  c h a n g e s  i n  t h e  r a d i a t i o n  p a t t e r n s  o f  t h e  s t a n d a r d  c o n f i g u r a t i o n  
from t h a t   o b t a i n e d   w i t h   n o  test m a t e r i a l .  The r e s u l t s  o f  t h e  r a d i a t i o n -  
pa t t e rn   measu remen t s   fo r   t hese  m a t e r i a l s  a r e  p r e s e n t e d   i n   F i g u r e s   A - l ( b ) ,  ! 
1 
The r a d i a t i o n  p a t t e r n s  f o r  t h e  m o r e , d e n s e  a n t e n n a  window c l a s s  o f  
m a t e r i a l s  a r e  p r e s e n t e d  i n  F i g u r e s  A - l ( e )  th rough A - l ( i ) .  The d i s -  
crepancies  measured during the breakdown and t ransmission measurements  
o c c u r r e d   o n l y   f o r   t h e s e   m a t e r i a l s .  The r a d i a t i o n  p a t t e r n s  e x h i b i t  
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l a r g e  d i f f e r e n c e s  b e t w e e n  t h e  E- and  H-p lane  l eve l s  a t  450 o f f  a x i s ,  
w h e r e  t h e  r e c e i v i n g  a n t e n n a s  were l o c a t e d  d u r i n g  t h e  breakdown tests. 
For  example,  Figure A-l(e) p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  f o r  a L a v i t e  
sample,  and a t  8.9 GHz t h e r e  is  approximately a 6-dB d i f f e r e n c e  b e t w e e n  
t h e  E - p l a n e  a n d  H - p l a n e  l e v e l s  a t  8 = 4 9  ( 4  = 6 ) and 4 = 4 9  (6 = 9 6  ) 
or  i n  t h e  d i r e c t i o n s  of t h e  r e c e i v i n g  a n t e n n a s .  When the  f r equency  was 
i n c r e a s e d  from 8.9 GHz t o  9.2 GHz, f u r t h e r  c h a n g e s  i n  t h e  r a d i a t i o n  
p a t t e r n s  o c c u r  t h a t  i l l u s t r a t e  t h e  t y p e  of changes  tha t  might  be  
expected fo r  a s m a l l  c h a n g e  i n  d i e l e c t r i c  c o n s t a n t  p r o d u c e d  b y  e x p o s u r e  
of t h e  test m a t e r i a l  t o  h i g h  s u r f a c e  t e m p e r a t u r e s .  F u r t h e r  p a t t e r n  
changes   occu r   a s   t he   f r equency  is i n c r e a s e d  t o  9.4  and 9.6 GHz. S i m i l a r  
r e s u l t s  were o b t a i n e d  fo r  t h e  o t h e r  m a t e r i a l s  a s  shown i n  F i g u r e s  A - l ( f )  
through A - l ( l ) ,  w i t h  p a t t e r n  c h a n g e s  b e i n g  more s e v e r e  f o r  some m a t e r i a l s  
t h a n  f o r  o t h e r s .  
T h e s e  r a d i a t i o n  p a t t e r n s  show t h a t  f o r  t h e  more  dense  mater ia l s ,  
h a v i n g  r e l a t i v e l y  h i g h  d i e l e c t r i c  c o n s t a n t s ,  a small   change i n  f r e q u e n c y  
p r o d u c e s   l a r g e   c h a n g e s   i n   t h e   r a d i a t i o n   p a t t e r n s ;   t h e r e f o r e ,   s i n c e   a n  
i n c r e a s e  i n  d i e l e c t r i c  c o n s t a n t  c o u l d  p r o d u c e  s i m i l a r  c h a n g e s ,  t h e  
d i s c r e p a n c i e s  b e t w e e n  t h e  E- and  H-plane r e s u l t s  o b t a i n e d  d u r i n g  t h e  
breakdown eva lua t ion  were a p p a r e n t l y  d u e  t o  t h e s e  p a t t e r n  c h a n g e s .  
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I I I I 
( 4  NO TEST MATERIAL 
FIGURE A-1 E- AND H-PLANE RADIATION PATTERNS OF THE  STANDARD TEST CONFIGURATION 
AS A  FUNCTION OF FREQUENCY 
I 
(b) LOCKHEED LI-1500 (with green surface coating) 
F I G U R E  A-1 CONTINUED 
(c) WHITTAKER ALUMINUM PHOSPHATE  FOAM (AIPO,,) 
FIGURE A-1 CONTINUED 
(d) WHITTAKER ALUMINUM PHOSPHATE FOAM (AIPO4. with VHT flameproof rurfrcr coating) 
FIGURE A-1 CONTINUED 
(e) AMERICAN  LAVAL  CORPORATION'S  LAVITE (coated, cured, and unused1 
FIGURE A-1 CONTINUED 
.- 
t . lcm q.4 cm 
(f) AMERICAN  LAVAL  CORPORATION’S  LAVITE (used) 




(0) UNION  CARBIDE  BORON  NITRIDE  (HBR grade, light color) 
FIGURE A-1 CONTINUED 
(h) UNION  CARBIDE  BORON  NITRIDE (HER grade, grey color) 





(i) PHILCO-FORD AS3DX (with bnck-surfatx thormocwplm) 
FIGURE A-1 CONTINUED 
(jl PHILCO-FORD ASBDW 
FIGURE A-1 CONTINUED 
k 
dum 
(kl UNION CARBIDE BORON NITRIDE (HD0092) 
FIGURE A-1 CONTINUED 
( I )  SLIP-CAST FUSED SILICA (79411 
FIGURE A-1 CONCLUDED 
